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2.
ABSTRACT
The principal aim of the work described in this thesis was to 
produce a sintered cobalt-chromium-molybdenum alloy, and to study its 
corrosion resistance in order to assess its value as a surgical implant 
material*
A literature and clinical survey indicated that sintering, as 
opposed to casting, the alloy produces a required increase in 
mechanical properties but that the sintered alloy had not been shown to 
have sufficient corrosion resistance for use in the human body*
A potentiostatic method of corrosion testing was chosen for this 
work after a consideration of the theory of aqueous corrosion and a 
review of previously used techniques. Preliminary tests were carried 
out on specimens of Vitallium and these provided information about the 
corrosion resistance of the cast alloy as well as helping to 
standardise a testing procedure.
Specimens of the sintered alloy were produced by the author using 
a previously developed method. This material was found to be 
unsuitable for use in the body by virtue of its low passive breakdown 
potential in Hanks* balanced salt solution. Electron probe analysis 
suggested that this inadequate corrosion resistance was the result of 
an unexpected low chromium content,
A sintered alloy with an increased chromium content was produced 
but this was found to have similarly low corrosion resistance. Further 
corrosion tests indicated that this was the result of a chromium 
deficient phase within the grain boundaries. It was concluded that, 
without further development, the powder metallurgy technique was 
incapable of producing a cobalt-chromium-molybdenum alloy with 
sufficient corrosion resistance for surgical implants.
The metallurgical examination of several removed cast Vitallium 
implants is described. The results, together with those of further 
laboratory corrosion tests, suggest that the cast alloy is susceptible 
to crevice corrosion in the human body.
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CHAPTER 1 
INTRODUCTION
The work described in this report is a continuation of the
1 & 2research of A.E.F. Wilkinson , who aimed at producing a cobalt- 
chromium-molybdenum alloy, suitable for osteosynthesis, using powder 
metallurgy techniques.
Wilkinson began his v/ork in this field in 1959 and before 
continuing in 1966 it was decided to reappraise the aims of the work 
in the light of possible recent developments. The first step in this 
reappraisal was a critical analysis of the reasons given by Wilkinson 
for starting the powder metallurgy work. It was felt that a study of 
the relevant literature would then give a clear picture of the state 
of implant surgery and indicate the value of continuing the work.
Analysis of Original Reasons for Sintering
Wilkinson stated at the beginning of his early v/ork1 that the 
commercially available cobalt-chromium molybdenum alloys suitable for 
osteosynthesis (Vitallium and Vinertia) had been tested and had given 
promising results but that the experiments showed that the application 
of these cast materials was limited for three reasons
1, Large grain size
In certain cases the grain size is of the same order as the 
dimensions of the implant (pins, screws etc.) and since impurities or 
precipitates tend to collect at the grain boundaries the physical 
properties of the implant are impaired.
2. Machinability
The cast alloy is extremely difficult to machine and very prone 
to work hardening.
12.
3. Residual stresses
These are inherent in the cast alloy owing to chilling effects 
and were found to diminish the resistance to corrosion and stress 
corrosion.
Wilkinson went on to suggest that powder metallurgy offered a 
means of producing this alloy under controlled conditions and that 
this method could overcome the above disadvantages of the cast 
material. That is, a powder metallurgy alloy could have its grain 
size controlled, could be machined after a partial sinter, and would
be comparatively free from internal stresses.
2
In a later report Wilkinson summarised the finding of a 
considerable number of relevant papers and again concluded that the 
cobalt-chromium-molybdenum alloys were the most suitable materials 
for osteosynthesis. He also concluded that further corrosion studies 
of Vitallium were necessary and that because of variations in the 
electrochemical properties of different samples of the cast alloy, 
which were explained in terms of variation in grain size and slag 
inclusions, a method of producing the alloy more consistently was 
essential. Thus Wilkinson wrote:- "Therefore the object of the 
experimental work described in the following chapters is to manu­
facture a standard cobalt-chromium-molybdenum alloy under controlled 
conditions for use as a basis for a further investigation into the 
problems of the compatibility of this type of material with the 
physiological environment•"
It was felt that the reasons for sintering given by Wilkinson, 
and summarised above,were in themselves insufficient to justify 
either (a) the work having started or (b) the work being continued in 
1966, for the following reasons.
1. The fact that cobalt-chromium-molybdenum alloys appeared the most
suitable material for implants at the time of Wilkinson’s work did 
not necessarily mean that this was still true.
2. An improvement of the mechanical properties is not in itself a 
justification for sintering the alloy. Only if it can be shown that 
these improvements are clinically necessary is this a valid aim. In 
fact Wilkinson did not show that a single Vitallium implant had ever 
failed mechanically in vivo.
3. Wilkinson concluded that further electrochemical studies of 
Vitallium were necessary but only two of his references were concerned 
with the clinical incidence of Vitallium corrosion. While these 
papers certainly support the conclusion that Vitallium is more 
corrosion resistant in the human body than the stainless steels it 
was felt that they presented insufficient evidence to justify further
3
corrosion studies of Vitallium. In their paper , Scales, Winter and
Shirley in fact stated:- "No corrosion of cobalt-chromium-molybdenum
implants has been detected by the methods described in this paper.”
4
In the second reference , Hicks and Cater report that of 307 Vitallium 
implants inserted between 1947 and 1958 3% had to be removed owing to 
clinical manifestations of corrosion although none of these removed 
implants showed any visible signs of corrosion. They also suggested 
that the manifestations of corrosion could have been due to metallic 
pick-up from non-Vitallium tools used during the insertion of the 
implants.
One other paper referred to by Wilkinson gave some evidence of
5
corrosion of Vitallium. Ferguson, Laing and Hodge described how 
they embedded cylinders of different materials into the back muscles 
of rabbits for three months and then chemically analysed the muscle 
adjacent to the implant. Cobalt, chromium and molybdenum were traced 
near Vitallium implants but the implants themselves were not examined.
14,
4. Even if further electrochemical studies of the cobalt-chromium- 
molybdenum alloys were necessary these could be carried out using 
samples of the commercially available cast Vitallium, Recent develop­
ments indicated that the variations in the electrochemical properties 
of the cast alloy noted by Wilkinson were due to inadequacies of the 
methods of corrosion testing available at that time rather than the 
metallurgical variations of the samples. Further discussion of this 
point, together with details of later methods of corrosion testing, is 
given in Chapter 3 of this report.
Thus the reasons given by Wilkinson for his work did not provide 
sufficient justification for the work to be continued. It was 
therefore decided to study various aspects of implant surgery in 1966 
in order to assess the possible contribution which could be made by 
the sintered alloy.
It was felt that the principal parameters for implant materials 
are corrosion resistance and mechanical strength,and that the 
suitability of any new material proposed for implants should be 
judged by a consideration of these properties. For this reason the 
investigation which follows concentrated on the corrosion resistant 
and mechanical properties of implant materials. It was considered 
that the investigation must show (a) that clinical failures of cast 
Vitallium implants do occur, (b) that the use of the sintered alloy 
is likely to reduce the number of failures, and (c) that the sintered 
alloy is likely to be at least as suitable for osteosynthesis as 
other materials presently used or proposed; before the work could be 
continued.
1*2 Investigation of the Use of Metals in the Human Body
Two separate surveys were conducted, the first a literature
15.
review and the second a clinical survey consisting of an analysis of 
the medical records of the Department of Orthopaedic Surgery, ICing!s 
College Hospital, London.
1.2.1 The Initial Literature Survey:-
This section of the report is a survey of the relevant 
literature available at the beginning of the present work. The 
literature is considered under five headings, clinical evidence of 
corrosion; clinical evidence of mechanical failures; laboratory 
corrosion tests; laboratory mechanical tests; and the general 
discussion of the problems of metallic implants. In each section the 
papers are discussed in chronological order whenever possible.
1.2.1.1 Clinical evidence of corrosion;-
0
Curry and Pine presented the results of their clinical 
experience of 384 patients fitted with SMo stainless steel (Type 316 
and 317, En 58 J, or 18/8/Mo) implants in a paper published in 1958. 
They found "a 10 per cent incidence of broken metal and rarefying 
osteitis as manifestations of inadequate strength and corrosion" and 
stated "Compound implants of SMo are inherently susceptible to 
corrosion in body fluids".
Two cases which showed the result of metallic corrosion following
7
the use of stainless steel were presented by Burch .
3
Scales, Winter and Shirley analysed the corrosion performance 
of various metals from a study of plates, screws, and femoral nail 
plates removed from 109 patients. They found no corrosion of the 15 
cobalt-chromium-molybdenum implants examined but 24 per cent (35 
implants) of 18/8/Mo stainless steel implants exhibited corrosion.
g
Cohen and Foultz described the failure by corrosion of a
16.
Steinmann Pin. Metallurgical analysis showed the material to be A1S1 
Type 420 with molybdenum and nickel present at less than 0.1 per cent,
5
Ferguson, Laing and Hodge measured the concentration of 
metallic elements in the tissue around implants in rabbits four to 
six months after implantation. Metallic elements were traced in the 
tissue adjacent to all the metals tested (including cobalt-chromium 
alloy; stainless steel A1S1 316; titanium; zirconium; and various 
nickel alloys). These findings do not necessarily indicate corrosion 
of these metals since even if a metal remains passive the passivating 
film will not be completely insoluble. However the amount of various 
elements in the tissue is important when considering the toxicity and 
other actions of these various elements. Of particular interest was 
the large amount of titanium traced around titanium implants and the
relatively small concentration of zirconium around zirconium implants.
4
Hicks and Cater found that the incidence of obligatory plate 
removal with cobalt-chrome (cast Vitallium) was at most 3 per cent 
although visible corrosion in this metal never occurred. With 
18/8/Mo stainless steel the incidence of obligatory plate removal was 
20 per cent and visible corrosion was estimated to have occurred in 
about 5 per cent of the screws inserted,
1*2.1.2 Clinical evidence of mechanical failures:-
9
Venebles and Stuck presented the results of three years use of 
Vitallium. Ho case of failure due to corrosion was noted in 1227 
cases in which the cast alloy had been used but approximately 2,3 per 
cent of the implants had failed mechanically. Of these 1.7 per cent 
represented fractures of a plate or screw and the rest represented 
bent plates, screws or nails.
Of the 384 patients fitted with SMo stainless steel implants
17,
g
studied by Curry and Pine 15 (4 per cent) showed fracture of the 
device.
1.2,1,3 Laboratory Corrosion Tests
The discussion of laboratory corrosion tests in this section of 
the report is mainly concerned with the results and conclusions drawn 
by the various authors. The validity of the individual tests is 
discussed in section 3.1, in terms of the theory of aqueous corrosion.
Fink and Smatko10 conducted weight loss corrosion tests on 
Vitallium and stainless steel type 316 and 302 in various physio­
logical media at body temperature. Their results after six weeks 
indicated that type 302 had the best performance (minimum weight loss)
although the margin was very slight,
11 12 & 13Clarke and Hickman * developed an electrochemical test
which compared the inertness of metals in physiological fluid on the
basis of their "anodic back emf” (A.B.E.). Their results showed the
following order of decreasing inertnesstitanium, tantalum, cobalt-
chrome alloys, 18/8/Mo stainless steel.
14
Cohen measured the corrosion resistance of Vitallium and 
A1S1 316 stainless steel in saline under cyclic stress conditions by 
weight loss measurements. Vitallium showed the greatest corrosion 
resistance and type 316 stainless steel was found to be susceptible
to pitting, fretting corrosion and crevice corrosion.
15 16Hensler , and Redway tried to repeat and develop the anodic
back emf method of Clarke and Hickman but found that the A.B.E. of
individual metals varied with current density. Hensler concluded
that the method was unreliable and could not be used as a basis upon
which to choose an implant material without further development.
2Wilkinson conducted corrosion tests on specimens of both cast
18.
Vitallium and his sintered cobalt-chromium-molybdenum alloy. He 
corroded the test pieces of ICrebbs solution by applying an external 
emf and then measured the resulting weight loss. From the results of 
these tests Wilkinson concluded that the sintered alloy was slightly 
more susceptible to corrosion than the cast material. However, the 
corrosion test pieces were in the form of transverse slices of 
cylindrical specimens and,since the as-sintered specimens were found 
to have a chromium rich surface layer, Wilkinson suggested that the 
corrosion performance of a complete as-sintered specimen might be
better than his tests indicated.
17Greene and Jones described an electrochemical method of 
measuring the rate of corrosion of surgical implants known as Linear 
Polarization but did not give results for metals in physiological 
fluids.
18Hoar and Mears conducted potential-time, potential-current 
density, and current-time tests on a wide range of metals and alloys 
in physiological fluids. They found that for isolated specimens film 
breakdown and pitting after long periods in the body is likely for 
18Cr-10Ni~3Mo stainless steel, scarcely possible for Vitallium, and 
impossible for titanium alloys and tantalum, These workers suggested 
that these latter materials should be considered for implants 
"provided that further work on their mechanical properties, notably 
strength and formability, confirms that implants can be readily made 
in them".
1,2.1.4 Laboratory Mechanical Tests
The mechanical properties of various metals under consideration 
are presented in Table 1 (page 19).
The lubrication and wear performance of implant materials has
19,
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been the subject of a considerable amount of work19*"2*, since this is
an important aspect of total hip joint prostheses. The various types
of total hip joint prostheses can be divided into two groups; those
with metal-to-metal bearing surfaces, and those with metal-to-plastic
22bearing surfaces. Duff-Barelay and Spillman concluded from the
results of their laboratory study that, of the materials available,
cobalt-chromium alloy (Vitallium or Vinertia) was the best for use in
total hip joint replacements and that plastic-to-metal bearings
required considerable development (i.e. recommended Vitallium against
23Vitallium bearing surfaces). Scales, Duff-Barclay, and Burrows 
suggested that the good bearing characteristics exhibited by Vitallium 
and Vinertia are due to the microstructure of the material. This 
consists of hard chromium carbide dispersed in a matrix of the alloy 
and can be likened to the structure of white metal bearings.
A more extensive analysis of the work done on the lubrication 
and wear properties of various materials was considered to be beyond 
the scope of the literature survey since these properties are 
important only when considering one type of implant, and then only 
after the material has been shown to have adequate mechanical 
strength and corrosion resistance.
1.2.1.5 Review Papers
24Wright and Axon discussed the corrosion problems resulting
from the use of stainless steels and explained them mainly in terms
of the use of different types of stainless steel in single implants
*nd the use of low molybdenum type steels^
25Hicks discussed the use of stainless steel and stated "The 
only steel used today in hospitals that are alive to the hazards is 
En 58 J". Hh also stated that Vitallium is better than En 58 J from
21.
the corrosion point of view but that it is expensive and has to be 
cast. The much lower modulus of elasticity of titanium was mentioned 
by Hicks as a possible disadvantage of this metal. In the discussion 
of this paper Hoar stated that he had evidence that in body fluids 
under anodic conditions titanium could corrode more rapidly than 
stainless steel.
20
D.C. Ludwigson reported that titanium, zirconium, Elgiloy and
ticonium have had limited use in prosthetic devices but that none are
widely used for a variety of reasons including high cost, limited
clinical testing, and mechanical properties that make them suitable
only for specific applications. He also pointed out that tantalum
has a long history of successful use for surgical implants because it
is inert in the body but that it has insufficient strength to be used
27in the repair of the long bones. Mears however, stated that 
tantalum suffers from hydrogen embrittlement after long exposure in 
the body. In this paper Mears also stated 'Vitallium is satis­
factorily resistant to corrosion but can only be obtained in cast
form ....... It also has a relatively low strength".
28In a later paper Ludwigson stated "The occasional mis­
behaviour of stainless steel implants can often be traced to mis­
application or to the use of some grade other than Type 316 steel".
29 30 31 32Cohen , Wickstrom , Morral and Weisman discussed the
numerous problems associated with the use of metallic surgical
implants and Morral gave the following table of parameters for
implants.
I) Human Engineering - Compatibility of Materials
a) Chemical reactions; noncorrosive to reduce foreign body 
reactions
b) Biological response (foreign bodies) must be:
22.
1. Nontoxic
2. Nonallergenic
3. Nonearcinogenic
4. Tissue receptivity
c) Mechanical and physical properties of biological versus 
engineering materials
1. Suitable elastic limits and compressive strengths that 
remain constant with time
2. Young*s modulus (modulus of elasticity)
3. Fatigue resistance (endurance limit); good damping 
capacity
4. Non-susceptible to stress-corrosion fatigue
5. Other properties such as suitable compatible coefficients 
of friction (metal bone or implant tissue).
II. Materials Engineering - Design, Fabrication, Testing and 
Inspection
A. Mechanical design
1. Proper use of materials and their properties for 
reliable implant performance
2. Designed to perform suitably
3. Designed to avoid distortion of adjacent biological 
structures
B. Fabrication
1. High-purity raw materials or controlled analysis 
"melting stock”
2. Vacuum melting
3. Cast versus wrought
4. Machining; contouring 
5* Surface finish
C. Testing and inspection to assure reliable performance.
23.
33Grover considered the problem of metal fatigue in orthopaedic 
implants. He pointed out the difficulties of collecting reliable 
information about fatigue failures,including the existence of 
relatively few failures and the formidable task of keeping complete 
metallurgical records in addition to records of medical details, but 
stated that fatigue failures have occurred particularly in hip 
prosthesis plates, nail plates and screws. Unfortunately Grover did 
not compare the clinical fatigue performance of different materials
but merely indicated that fatigue is a problem requiring further work.
22Duff “Barclay and Spillman pointed out that during the course
of one year a person probably puts his full weight on each leg
between 1 and 2j million times. Thus during its working life an
6 8implant may be subjected to between 10 and 10 stress cycles.
34Hille discussed the use of titanium for surgical implants and 
pointed out the advantage of its low density. With regard to 
titanium’s low modulus of elasticity Hille indicated the existence of 
two schools of thought - one school considering the loss of rigidity 
a disadvantage for fracture fixation, the second considering that a 
modulus of elasticity nearer that of bone would decrease stresses 
around an implant.
1.2.2 Clinical Survey
This survey consisted of a careful examination of the medical 
records of the Department of Orthopaedic Surgery, ICin^ s College 
Hospital, London. The records of all patients treated in the depart­
ment between 1951 and 1966 were available for study. Although none 
of these case histories recorded the implant material it was possible, 
with the help of a Consultant Surgeon from the department and by 
considering the date of insertion and the type of implant, to divide
24.
the records into three categories, (a) certainly stainless steel,
(b) either stainless steel or Vitallium and (c) certainly Vitallium. 
This meant that the only comparison possible was that between 
Vitallium and stainless steel. In fact this comparison was not 
carried out for two reasons; firstly it was felt that previous work 
had already shown Vitallium to be more suitable for implants than 
stainless steel, and secondly it would have been impossible to 
distinguish between different types of stainless steel and thus any 
comparison obtained would have been meaningless. For these reasons 
the survey was restricted to failures of Vitallium implants.
An implant was defined as having failed if, for reasons directly 
attributable to the implant, a second operation proved necessary.
Thus all the case histories showing use of a Vitallium implant 
followed by a second operation was extracted and carefully studied. 
Details from these case notes are recorded below
1) Hospital No. B47940
Surname: Fudge
7.3.64 Fracture of left femur treated by McLaughlin pin and 
plate.
24.11.64 Change of femoral plate. Original had fractured 
through the screw holes and the pin was loose.
23.3.65 Fracture failed to unite and pin and plate removed. 
Insertion of Xuntcher Nail and 6-holed plate.
2) Hospital No. C76338
Surname: Staines
13.3.62 Right McMurray osteotomy.
7.8.62 Bone graft McMurray osteotomy. Suddenly felt sharp 
pain and was found to have fractured the screws 
attaching the spline to the femoral shaft. There was 
non-union at the osteotomy site.
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3) Hospital No. C51318
Surname: Hunt
4,11.59 McLaughlin pin and plate of left femur.
21.3.63 X-ray of hip showed a fracture through the previous 
fixation with the plate (had fallen 6 weeks previously). 
Breaking of the plate through one of the upper screw- 
holes. Broken plate removed and new 7~hole plate 
attached to old pin.
4) Hospital No, C81436
Surname: Saunders
11.2.61 Fixation with McLaughlin Nail and Plate.
22.6.61 X-ray showed that McLaughlin plate had broken. 
Replacement of broken plate.
5) Hospital No. C11307
Surname: Johnson
21,5.65 V-arthrodesis left hip.
9.2.66 Pain in groin and X-ray showed that bone graft and 
nail had both broken,
25.2.66 Re-arthrodesis of left hip. New 5 Thornton nail 
inserted across joint.
6) Hospital No. E8885
Surname: Davies
31.5.63 Pin and plate fixation of left femoral neck fracture. 
McLaughlin pin and plate (7-hole).
22.10.63 Exploration of pin and plate, left hip. Plate broken 
at the junction with pin and 3 or 4 screws holding 
plate were also broken. The plate and screws were 
removed and replaced.
28,1,64 Operation, X-ray had shown definite movement occurring 
around the pin. Pin and plate removed.
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1*2.3 Conclusions from the Surveys
Clearly low molybdenum content stainless steels are completely 
unsuitable, from a corrosion point of view, for use as implant 
materials. Although some of the clinical reports of corrosion of 
18/8/Mo stainless steel could well have been corrosion of other 
grades, it was felt that the clinical reports,together with the 
laboratory tests,indicated that even this grade of stainless steel is
unsuitable for long term use in the body,
Vitallium appeared to have adequate corrosion resistance. There
appears to be a slight tissue reaction to this alloy but if this is a
5
result of metallic ions in the body then the work of Ferguson et al 
suggested that this is likely to be a general phenomenon associated 
with the use of metallic implants,
9It was clear, from both the early work of Venables and Stuck 
and the clinical survey carried out as part of this present work, 
that Vitallium implants fail mechanically in vivo. Hence an
improvement in mechanical properties is a valid research aim. It
proved impossible to calculate the percentage failure rate from the 
survey at King’s College Hospital but the fact that all the failures 
traced were of plates, pins, and screws agreed with the findings of 
Venables and Stuck who were able to calculate a failure rate of
2.3 per cent.
Unfortunately Venables and Stuck only differentiated between 
bent and broken implants and no reports giving details of the mode of 
fracture of implants were traced. However it seemed clear that there 
was a need for a material with corrosion resistance equal to, if not 
better than, that of Vitallium together with improved mechanical 
properties.
When the available figures for the mechanical properties of the
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various metals used or proposed for metal implants were compared
(page 19), a rather confused picture resulted. Pure titanium has a
2
slightly higher U.T.S. than cast Vitallium (79-68 kg/mm ) but a lower
2
fatigue limit (25-28 kg/mm ), However it will have a significantly
better mechanical compatibility with bone as a result of its lower
2
modulus of elasticity (11,250-21,800 kg/mm ), if and when this is
considered advantageous.
The cobalt-chromium-molybdenum alloy sintered by Wilkinson has
2
both a higher U.T.S. (87-68 kg/mm ) and a higher fatigue limit 
2(63-28 kg/mm ) than the cast alloy. This latter property of the 
sintered alloy was considered to be of great significance since it 
was felt that as greater demands are made on implant materials in the 
future (longer periods of implantation) fatigue resistance could well 
become a major consideration.
Thus the overall conclusion reached was that while other 
materials, notably titanium and some of its alloys, show promise, 
work on the sintered cobalt-chromium alloy should be continued,
1.3 Original Objects of the Present Work
It was considered that while Wilkinson had shown that improved 
mechanical properties resulted from sintering rather than casting the 
cobalt-chromium-molybdenum alloy his method of corrosion testing, and 
hence his results, was suspect. This criticism, which is explained 
in a later chapter (page 48), meant that extensive corrosion studies 
had to be the next stage in the development of the sintered alloy.
The first objective of the present work, therefore, was to produce 
the sintered alloy by the method developed by Wilkinson and to study 
its corrosion resistance in physiological fluids.
It was proposed to pay particular attention to the surface layer
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produced by the sintering process since Wilkinson thought that this 
is chromium rich and might well increase the corrosion resistance of 
a complete sintered component.
If corrosion studies showed complete as-sintered specimens to have 
sufficient corrosion resistance for use in the human body it was 
proposed to develop the powder metallurgy process to produce compli­
cated shaped implant components to the required tolerances. This is 
obviously important from the point of view of cost of production and 
if a chromium rich surface layer improves corrosion resistance it 
will be essential not to machine off this layer.
1.4 Literature published after the initial survey
35Cahoon and Paxton reported the results of their metallurgical
analysis of failed implants. Of eight implants examined seven were
stainless steel type 316L and one was Vitallium. The Vitallium
implant was a McLaughlin plate which had failed via a fatigue
mechanism at the area of maximum stress (top of plate) after one year.
The failure was attributed to a high degree of porosity in the
vicinity of the fracture. The implant was found to have a large
grain size. Of the stainless steel implants all but one showed a
slight amount of crevice corrosion in at least one screw hole,
36Brettle and Hughes examined four stainless steel implants 
which had failed in service. All four showed positive fatigue 
characteristics and in most cases some indication of a combined 
corrosion-fatigue effect.
37At a *Titanium in Surgery1 conference Scales gave the results 
of a survey of 1775 screws used in load bearing bones. There were 40 
failures representing an overall failure rate of 2,25%, A more 
detailed breakdown of the figures given showed that 14 of 1392 18/8/Mo
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screws failed (1%), 16 of 172 cobalt-chromium screws failed (9.3%)
and 10 of 182 titanium screws failed (5.5%),
38Colangelo and Greene examined implants of type 316 (SMo) 
stainless steel after removal from patients. They found that 45% of
the devices exhibited visible corrosion attack, that 91% of all multi-
component devices showed corrosion compared with 10% of single 
component devices, and that crevice corrosion occurred at 42% of all 
possible sites.
These later papers supported the conclusions already drawn.
They showed quite clearly the high incidence of corrosion of even the 
•high* molybdenum stainless steels and indicated that fatigue 
resistance is perhaps the most important mechanical property of 
current implant materials requiring improvement.
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CHAPTER 2 
THEORY OF AQUEOUS CORROSION
2.1 Introduction
It was established many years ago that metals corrode in 
aqueous environments by an electrochemical mechanism* On the surface 
of a corroding metal there are both anodic and cathodic sites. These 
may be permanently separated but in many instances the whole of the 
metal surface consists of anodic and cathodic sites which are 
continually shifting.
At an anodic site an oxidation process occurs and the metal goes
into solution by a reaction which can be depicted as:-
M - n electrons --- ^  l/1+ aq.
metal ions in metal ions in
crystal lattice solution
At a cathodic site a reduction process occurs and this is often 
the reduction of dissolved oxygen or the liberation of hydrogen gas, 
or both, These two most common reactions can be depicted as:~
02 + 4 electrons + 2H20 — ^ 40H 
2H+ + 2 electrons — ^ Hg gas.
Any understanding of the factors which determine the rate of a 
corrosion process must involve a consideration of electrode kinetics.
2.2 Electrode Kinetics
2.2.1 Electrode Potentials
Consider the ideal case of a pure, bare metal electrode immersed 
in a solution of one of its salts, and consider, for a moment, only 
the metal/metal ion equilibrium. The metal atoms on the surface of 
the electrode are in energy wells associated with the lattice
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structure of the metal and in order to pass into solution they 
require a certain amount of excess energy. Similarly the hydrated 
metal ions in the solution are in energy wells and only those which 
possess a certain amount of energy can be discharged. If the 
solution wells are at a lower energy level than the lattice wells 
then the energy barrier for ionisation is lower than that for 
metallic ion discharge, and consequently the rate of dissolution is 
initially greater than the rate of discharge.
The inequality of the initial currents results in the metal
surface becoming negatively charged and the solution adjacent to the 
metal becoming positively charged; that is an electrical double layer 
is formed at the metal/solution interface. This double layer has two 
effects, (a) it opposes anodic dissolution and (b) it assists 
cathodic discharge. Consequently, in the situation described above, 
the electrical double layer increases in strength until it exactly 
balances the net tendency for metal ions from the lattice to pass 
into solution. Thus a dynamic equilibrium is produced, and the value 
of the ionisation and discharge currents at this point is termed the 
Exchange Current.
It is clear that a potential difference exists between the metal
and the solution since the metal surface contains a surplus of
electrons while the adjacent layer of solution contains an excess of 
positively charged metallic ions. Different metals have different 
energy levels associated with their crystal lattices and hydrated 
ions with the result that the potential difference between metal and 
solution varies from metal to metal. This is shown in the Electro­
chemical Series which is a list of the potential differences between 
metals and solutions containing the metal ions at unit activity 
(concentration),
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The concept of electrode potentials is not confined to metals, 
and electrodes can be devised in which gases are in equilibrium with 
their ions in solution. For example, if chlorine gas is bubbled 
around an electrode of platinised platinum immersed in a solution 
containing chloride ions, the chlorine gas is absorbed on the elec­
trode surface and enters into an equilibrium with the ions in 
solution. In this case electrons are abstracted from, or accumulate 
on, the inert platinum electrode which takes no chemical part in the 
reaction.
2.2.2 Electrode Potentials of Metals in Practical Environments
In general the potentials of metals in practical environments 
seldom agree with the standard electrode potentials discussed in the 
previous section. This is because more than one electrode process 
occurs on the surface of a metal immersed in an aqueous environment.
Consider for example the case of a pure metal immersed in a 
solution of dilute hydrochloric acid. Four equilibria, and therefore 
potentials, are possible
1) M - ne ;r— * M*1*
2) 2H+ + 2e ,^r±H2f
3) 2C1~ - 2e ^ ±C1 2^
4) 2H20 + 02 + 4e ^  40H~
All these reactions affect the potential that the metal achieves 
but the situation is probably best understood by considering only one 
anodic and one cathodic reaction; 1) and 2) for example.
If it were possible to electrically isolate the areas of the 
metal surface where these reactions occur,then one area would take 
up the equilibrium potential of the M/M11* reaction and the other the 
equilibrium potential of the 2H+/jH reaction. Assuming the M/M*1*
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potential is the more negative, then, since the two areas cannot in
fact be isolated, electrons will flow from the area of the M/M11*
+reaction to the area of the 2H /H reaction. This means that the
•metal electrode* (the anode) loses electrons,with the result that
the potential difference between the surface and the adjacent layer
of solution is not now sufficient to counteract the net tendency for
metal ions to pass into solution. The reaction thus proceeds in the
M — > Ivf* direction and this can be considered as an effort to restore
equilibrium. Similarly the surface of the *hydrogen electrode* (the
4*cathode) has an excess of electrons and these attract H ions to the 
surface and discharge them as hydrogen gas.
While these reactions do occur, the above picture is somewhat 
simplified. At equilibrium there is a balance between the net 
tendency for metallic ionisation and the restriction on this imposed 
by the electrical double layer. If the M ^ M11* reaction is to 
proceed at a faster rate than the M*1*— M reaction then the restric­
tion must be diminished. Thus the anodic site must lose some of its 
excess electrons and in this way its potential becomes less negative. 
Similar arguments can be applied to show that the site of the cathodic 
reaction must become more negative if a net current is to flow. The 
amount by which the potential of the two sites changes when a current 
flows between them, because of the restriction imposed by the electri­
cal double layers, is termed Activation Polarisation,
A further complication to the original picture arises because 
the very fact that the M — ^M*1* reaction proceeds at a faster rate 
than the M11* — ^ M reaction makes it difficult for this situation to 
continue. Since it takes a finite time for the hydrated metal ions 
to *drift* away from the interface into the bulk of the solution, 
there is a build up of positively charged ions in the neighbourhood
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of the anodic site which produces an additional force opposing 
ionisation* This force can only be overcome by the strength of the 
electrical double layer being reduced, i.e. by the potential of the 
anodic site becoming more positive. The amount by which the anodic 
site becomes more positive in order to maintain a current is termed 
Concentration Polarisation. Again, similar arguments can be used to 
show that the potential of the cathodic sites must become more 
negative because of this effect.
It is clear from the above discussion that, in general terms, 
polarisation may be defined as the change in potential of a surface 
or site when a net current flows.
The fact that the potentials of the anodic and cathodic sites 
polarise towards each other is obviously beneficial from the corrosion 
point of view,since in this way the potential difference is reduced, 
and for a given resistance between the sites the corrosion current is 
lower than would be expected from a consideration of the equilibrium 
potentials.
Obviously the measured potential of a corroding metal will not 
be the theoretical equilibrium (redox) potential of that metal. It 
will be a compromise between the equilibrium potentials of all the 
reactions occurring on the metals surface, i.e. it will be a *mixed 
potential *.
2.3 Graphical Representation of Aqueous Corrosion
These polarisation diagrams are originally due to Evans. They 
show the potential of the cathodic and anodic reactions against net 
current flowing. The previous case of a metal corroding in dilute 
acid with hydrogen evolution can be represented as in Fig. 1 (page 35).
Point A on the diagram represents the redox potential of the
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M/M114* system and point C the redox potential of the 2H+/H0 system. 
These would be the measured potentials of the anodic and cathodic 
sites if they were electrically isolated. If the resistance between 
anode and cathode were then a current would flow between them 
and the anode and cathode would be polarised by *7*^ and ^  ^ ci 
potentials and respectively. If the resistance between sites 
were extremely small then the sites would be polarised to virtually 
the same potential, shown by potential ,M* on the diagram. This 
would be the measured potential of the corroding metal.
It should be clear that the current flowing between anodic and 
cathodic sites is a measure of the corrosion rate,since it is equal 
to the anodic current and hence a measure of the rate of metallic 
dissolution at the anode.
The type of diagram described above is the simplest form of 
polarisation diagram. For a more accurate representation of the 
mechanism of corrosion it must be modified in the following manner.
Polarisation curves are not in fact straight lines. More 
important that this is the fact that polarisation is not only a 
function of current, it is also a function of area; i.e. it is more 
accurately a function of current density. This latter point adds the 
complication that in order to draw these diagrams with a current 
density axis,the ratio of anodic to cathodic area is required,
A third complication arises when more than one cathodic reaction 
occurs in the corrosion process since equality between anodic and 
total cathodic current must be maintained.
Thus, while the simplified polarisation diagram can be extremely 
useful in describing corrosion processes, great care is required when 
trying to predict practical corrosion rates.
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2*4 Potential-pH Diagrams
By plotting the electrode potential of a metal against the pH of 
the solution in contact with it, it is possible to construct a 
diagram which shows the conditions of equilibrium for all the 
reactions that can occur. On the basis of an arbitrary criterion for 
corrosion of 10 gram atoms per litre metal ion activity,the 
diagrams can be sub-divided into zones of corrosion, immunity and 
passivity.
Fig. 3 (page 38) shows such a diagram for iron in water at 25°C. 
The two sloping lines A and B show the reversible potentials for the 
oxygen and hydrogen cathodic reactions. Water is stable only in the 
region between these two lines. Beneath the lower line water would 
decompose releasing gaseous hydrogen, above the upper line it would 
decompose releasing gaseous oxygen.
Potential-pH (Pourbaix) diagrams suffer from several limitations. 
The diagrams consider only the metal-water system. In real solutions 
pH changes can be affected only by the addition of acid or alkali,and 
anions such as chloride, cyanide and citrate may well extend the zone 
of corrosion.
The arbitrary criterion for immunity represents in most cases an 
insignificant concentration of metal ions but it should be noted that 
if the equilibrium is constantly disturbed appreciable corrosion 
could occur.
Thermodynamics can predict that in the region of passivity 
ferric hydroxide is thermodynamically stable with respect to iron but 
can provide no other information. It is assumed that the solid 
compound provides a kinetic barrier between reactants so that further 
interaction becomes very slow. Whether or not this occurs in 
practice will depend on such factors as the position of formation of
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the compound (it could precipitate away from the metal surface), the 
adhesion of the compound to the metal, and the solubility of the 
compound.
Passivity
A number of metals which, on the basis of previous arguments, 
would be expected to corrode at significant rates in fact do not, and 
their corrosion rate is so low that they are termed passive.
In physical terms this passive behaviour of certain metals can 
be explained by the formation of a film of metal compound, usually an 
oxide, on the surface of the metal. The direct production of metal 
compound becomes thermodynamically possible and kinetically easier 
than dissolution at a certain potential and, if the compound is 
formed on the surface of the metal, a passivating film is formed.
The effect of a passivating film can be understood from a 
consideration of the metals anodic polarisation curve. Iron in 
dilute acid solution will corrode with the liberation of hydrogen, 
and the system can be represented as in Fig.. 1 (page 35). The anodic 
polarisation curve of iron at potentials more positive than the mixed 
potential of this system can be obtained if the iron is connected, 
through a variable resistance, to a system at a more positive 
potential,and the value of the resistance is gradually reduced. At a 
high finite value of resistance between the two systems electrons will 
flow from the iron, the value of this current depending on the value 
of the resistance and the potential difference between the two 
systems. In order to supply this current the iron/acid system must 
polarise in the positive direction so that the M — > nP* reaction is 
supplying more electrons than the H — ^ reaction is using. If the 
value of the resistance is reduced further then the resulting
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increase in current flow requires the iron to polarise still further. 
Diagramatically this is shown in Fig. 2 (page 35),
It is clear from Fig. 2 that when the iron is polarised to the
4*
redox potential of the H /H system the liberation of hydrogen ceases,£
and that above this potential the net current flow between the two 
systems is a direct measure of the dissolution rate of the iron. As 
the potential of the iron is increased,a point is reached where the 
potential suddenly increases due to a small increase in current 
(reduction in resistance). In order to get a true picture of the 
polarisation curve at this point the experiment must be repeated 
using a potentiostat. With this instrument it is possible to 
increase the potential of the iron slowly and measure the resulting 
current flow. If this is done it is found that instead of a sudden 
increase in potential for a slight increase in current, a slight 
increase in potential results in a sudden drop in the current.
Further increases in potential do not greatly affect this low value 
of current until a certain potential is reached, after which the 
current increases gradually with potential. Graphically the situation 
is shown in Fig. 4 (page 41). The metal is said to be passive at 
potentials between C and D. Without a potent iostat the curve ABEF is 
obtained.
In the passive range the anodic current effectively depends on 
two factors, (a) the permeability of metal ions through the passi­
vating layer, and (b) the rate of dissolution of the metal compound, 
i.e. the "solubility" of the metal compound in the solution. In well 
passivated metals the passivating film is impermeable to metal ions, 
and the film forms a barrier between metal and solution. However, few 
if any metal compounds are completely insoluble, and the value of 
current in the passive range represents the solubility of metal
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compound and the resulting conversion of metal into metal compound.
When the potential of a passivated anode is raised, one or more 
of several phenomena may occur
Transpassivity occurs when the passivating metal compound is 
oxidised to a soluble substance,and the anode current increases as 
the passivating compound is destroyed. This may be followed at 
higher potentials by the formation of another sparingly soluble 
material and this is termed secondary passivity.
If the passivating compound has a sufficiently high electron 
conductivity then at higher potentials a new anodic reaction, invol­
ving species in the solution, becomes possible. A common example of 
this is the oxidation of hydroxyl ions from the solution with 
resulting oxygen evolution.
The most important phenomena, in terms of practical corrosion 
problems, is the breakdown of passivating films by certain ions that 
may be present in the solution. Chloride ions are particularly 
damaging, leading to film breakdown and subsequent pitting.
Increasing chloride concentration has the effect of lowering the 
breakdown potential and for less resistant alloys high chloride 
concentration may supress the passive state completely.
If the passivating film has a low electron conductivity and is 
not subject to transpassivity or breakdown then film thickening will 
occur as the potential is increased.
2.6 The Behaviour of Passive Metals in Practical Environments
It is important to realise that while a metal may exhibit 
passivity it may not be, or remain, passive in a particular 
environment.
The behaviour of a metal in an aqueous environment can be
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assessed in two ways; from a consideration of the variation with time 
of the electrode potential,and from a consideration of the relative 
position of the anodic and cathodic polarisation curves.
(a) Potential-time curves (Fig. 5, page 44).
When a protecting oxide film is threaded by a few narrow pores 
the measured potential of the specimen will be similar to that of an 
electrode of the oxide in the same liquid. When the pores are broad 
and numerous the potential will be similar to that of the film-free 
metal. Thus if a piece of metal carrying a porous oxide film is 
placed in a liquid,the potential will tend to rise with time if the 
film is self-healing and to fall with time if the film breaks down.
The absolute value of the potential may possess no significance but 
its variation with time indicates whether the material is becoming 
passive or is developing corrosion,
(b) Polarisation curves.
Fig, 6 (page 45) shows the anodic polarisation curves of five 
metals that exhibit passivity together with one cathodic curve (i.e. 
five metals in the same environment).
The first metal (A^ ) has a mixed potential in the active region 
and it is clear that the passive region has no effect on the corrosion 
mechanism* Metal A has a mixed potential in the passive range and 
is therefore behaving as a passive material, while A is subject to
v
film breakdown and pitting.
Metal A4 illustrates a special case where the cathodic curve 
cuts the anodic curve in two places* The passivated metal will 
remain passive in solution until the passivating film is mechanically 
destroyed, for example by scratching, after which the cathodic 
reaction cannot supply sufficient current to re-passivate the surface. 
A fifth case (e), which is essentially a combination of (b) and
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(d), can arise when the cathode reaction is subject to ’’loading”. 
When the passivating film of metal A^ _ is destroyed within a crevice, 
then the ohmic drop along the electrolytic path between the scratched 
area and the surface cathode may lead to the situation where re­
passivation is impossible.
The oxygen reduction cathodic reaction is subject to loading 
whereas the hydrogen ion reduction reaction, since it takes place 
within a crevice, is not. For this reason, in media containing 
oxygen and water, breakdown or transpassivity and active dissolution 
will be avoided if the metal has a breakdown or transpassive 
potential more positive than the oxygen reduction redox potential,and 
a passivating potential less positive than the hydrogen ion reduction 
redox potential. This is illustrated in Fig. 7 (page 47).
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CHAPTER 3
CHOICE OF TESTING METHOD AND APPARATUS
In this chapter the various types of corrosion tests previously 
used for testing implant materials are discussed.
On the basis of this analysis it was decided to measure the 
corrosion resistance of the sintered cobalt-chromium-molybdenum alloy 
by potentiostatic potential-current density and potential-time 
measurements. The apparatus used for these tests is described,
3.1 Previously used Corrosion Tests
3.1.1 Weight loss measurements
This is a widely used industrial method of corrosion testing. 
Specimens of the material are exposed to the corrosive media for 
certain periods of time and the overall change in weight of the 
specimens gives a measure of the rate of corrosion attack.
The method does not differentiate between the various types of 
corrosion attack and, since pitting, with a relatively small weight 
loss is, more often than not, more damaging than uniform surface 
attack, this is a particularly strong criticism. When the method is 
applied to materials with a low corrosion rate it becomes both 
inaccurate and time consuming. A further criticism is that certain 
materials remain passive for long periods of time before starting to 
corrode and weight change measurements give no indication of perfor­
mance beyond the length of the test.
3*1*2 Anodic Back E.M.F,
11 12 & 13Clarke and Hickman * found that measuring the potential
difference for known currents across an electrolytic cell formed by a
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calomel electrode as cathode and a rotating rod of the test material 
as anode, in a bath of equine serum at 37°C, and subtracting the 
"i.R. drop", corresponded closely with the known inertness of the 
metal»
However, the "known inertness of the metal" refers to their 
weight loss measurements in equine serum of non-passive metals such 
as nickel, copper and mild steel since zero weight change was 
recorded for implant materials such as vitallium, titanium and stain­
less steel. Thus Clarke and Hickman supplied no direct evidence that 
the method can accurately compare the corrosion performance of 
passive metals and this,together with the lack of a theoretical basis 
for the method, raises doubts about the validity of the test. The 
fact that later workers1^ ^ ^  found the method, even when adapted,
unreliable and inconsistent also suggests that it is unsatisfactory,
3.1.3 Corrosion due to an Applied E.M.F,
2
Wilkinson compared the corrosion resistance of the cast and 
sintered cobalt-chromium-molybdenum alloy by applying an external 
e.m,f, and measuring the resulting weight loss.
By anodically polarising the specimen in order to accelerate the 
corrosion rate Wilkinson in fact raised the potential above the break­
down potential and produced a pitting form of attach. This method
could be used to increase the corrosion rate of any metal but since 
the potentials actually reached by the metals in vivo were not known, 
the results have little practical significance. A further criticism 
of this method is that it gives no information about resistance to 
crevice corrosion, since this occurs at low potentials.
3.1.4 Linear Polarisation
17As described by Greene and Jones this method of measuring
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corrosion rate involves polarising the metal up to lOOmV from its
resting potential and measuring the resulting current flow. The
metals corrosion rate can then be calculated from the slope of the
linear overvoltage against current graph.
Greene and Jones proposed that this method could be used for
implant materials but the equation for calculating the corrosion rate
39from polarisation data derived by Stern and Geary shows the method 
to be based on the assumption that the metal is corroding in the 
active region (that is, the Tafel region). Thus while the method 
could well measure the corrosion rate of a corroding implant, it is 
unlikely to give any indication of the possible onset of corrosion.
3.1*5 Potential-Current Density and Potential"Time Measurements
Potential-current density curves for active-passive metals can 
be plotted with the aid of a potentiostat and show the range of 
potentials for which the metal is in the passive state. Potential­
time measurements indicate whether or not the potential of the metal 
is likely to remain in this range and hence, from a consideration of 
the two sets of curves it is possible to predict the long term 
performance of the metal.
A consideration of the current in the passive range will also 
give some measure of the transfer of metal to the environment while 
the metal remains passive.
3.2 Method of Corrosion Testing to be Used
On the basis of the above analysis it was decided to measure and 
compare the corrosion resistance of the cast and sintered cobalt- 
chroraium-molybdenum alloy by potential-current density and potential- 
time measurements.
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3*3 The Corrosion Apparatus
Fig. 8 (page 52) shows a general view of the corrosion apparatus
40which was based on the design given by N.D. Greene ,
3.3.1 The Polarisation Cell
The complete polarisation cell,together with its salt-bridge and 
reference electrode,is shown in Fig. 9 (page 53). Fig. 10 (page 54) 
is a schematic representation of the cell.
The cell was a modified, multinecked, one litre round bottom 
flask. The salt-bridge assembly, projecting from the left, led to a 
beaker containing a saturated calomel reference electrode. The 
multiple necks were used to introduce the electrodes, a gas inlet 
tube, and a thermometer into the flask. Two platinum auxiliary 
electrodes were used to maintain uniform current distribution within 
the cell. The specimen or working electrode was mounted through an 
eccentric adapter and the Luggin probe entered the cell through a 
clamped ball and socket joint. This arrangement permitted the flexi­
bility necessary to align the Luggin probe tip and the working 
electrode.
Fig. 11 (page 55) shows the method of electrode mounting. The 
auxiliary electrodes were mounted by compressing the electrode 
against the teflon gasket by means of the upper nut and washer 
assembly. A different mounting technique was developed for the 
working electrode which did not require the specimen to be drilled 
and tapped. The specimen,together with a stainless steel nut* was 
sealed into a closely fitting glass tube with Araldite. The mounting 
technique then consisted of screwing the threaded rod down onto the 
specimen and compressing the teflon gasket as for the auxiliary 
electrode.
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Fig. 9 Polarization Cell
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When plotting anodic polarisation curves it was necessary to 
remove all reducible species (particularly oxygen) from the test 
solution so that the anode current at any fixed potential could be 
measured directly* This was achieved by bubbling oxygen-free 
nitrogen through the solution before the test* The gas was dispersed 
throughout the solution by means of a fritted glass cylinder at the 
bottom of the gas inlet pipe* The gas was vented through a bubble 
bottle containing chromous sulphate solution which prevented any back 
diffusion of oxygen from the atmosphere*
During potential-time measurements a mixture of 95% oxygen and 
5% carbon dioxide was bubbled through the solution to ensure oxygen 
saturation.
The test solution was heated by a standard one litre flask 
heater and the temperature was controlled to 37*4 "t 1°C by a 
thermistor temperature controller, the thermistor being mounted on a 
glass probe which entered the solution via a neck in the side of the 
flask*
3.3.2 The Test Solution
Hanks* *physiological* or balanced salt solution was used 
throughout the corrosion experimental work. This solution, which is 
chemically similar to the fluid in muscle and bone, was obtained from 
Burroughs Wellcome and Company as a sterile 10 x Concentrate without 
sodium bicarbonate. When made up with distilled water the solution 
had the following composition
g/litre
Sodium chloride (NaCl) 8*00
Potassium chloride (KC1) 0*40
Potassium phosphate (KH_P0.) 0.06
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Calcium chloride (CaCl )A 0,14
Magnesium sulphate (MjgSO^ TH^ O) 0.10
Magnesium chloride (MgCl26H20) 0.10
Disodium phosphate (Na2HP04> 0.048
Glucose 1.00
Phenol red 0.02
The solution pH was controlled by the addition of a 4*4% sodium 
bicarbonate solution.
3.3.3 The Salt-bridge and Reference Electrode
The specimen electrode potential was measured via a salt-bridge 
as the potential difference between the specimen and the known 
potential of a saturated calonel electrode. These potentials were 
then converted to the normal hydrogen scale using the following data:* 
The potential of a calomel electrode on the normal hydrogen 
scale is given by
ECal(V) = °-2677 l0g “cl" 
where a is the activity of the chloride ions.
For a saturated calomel electrode at 25°C :
ECal s 0.2420 volts 
A temperature coefficient of -0.65 mV/°C means that at 37°C
ECal “ °'234 volts 
The salt-bridge contained a saturated solution of potassium 
chlorideias did the beaker containing the reference electrode. 
Potassium chloride was prevented from leaking into the test solution 
by an agar-agar plug in the probe tip.
The accuracy of this reference electrode-salt-bridge system was 
periodically checked throughout the experimental work by placing a 
second reference electrode (kept as a laboratory standard) at the
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probe tip and measuring the potential difference between the two 
reference electrodes. Careful handling of the electrodes resulted in 
the potential difference never being more than 1 mV.
3*3.4 Electrical Apparatus
Polarization was controlled by a Wenking potentiostat model 66TS3.
This instrument has a control voltage range of i 2V and a rise time 
—5constant of 10 seconds. The built-in ammeter is capable of
-7detecting a current of 5 x 10 amps.
Specimen potentials were measured to an accuracy of £ 1 mV with 
a Wenking precision valve voltmeter model PRV63.
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CHAPTER 4 
PRELIMINARY CORROSION TESTS
4.1 Introduction
These experiments were carried out primarily to study the effect 
of parameters such as sweep rate and pH on the potential-current 
density curves,in order to standardise a technique for future tests. 
The tests were conducted on specimens of cast Vitallium and therefore 
provided information about the corrosion performance of this material 
which formed the basis of a comparison between the cast and sintered
alloy at a later date.
41J, Wall had previously done a certain amount of work with the 
corrosion apparatus as a project during an M.Sc. course. As used by 
him the apparatus included a Nilox scrubber in conjunction with a 
re-circulating pump to remove oxygen from the test solution. 
Considerable difficulties had been encountered with this piece of 
ancillary equipment, including the problem of balancing the flow 
through the scrubber and the return flow through the pump. At the 
beginning of the present work it was decided to investigate, by means 
of a simple polaragraphic test, whether or not the scrubber was 
necessary.
4.2 Polaragraphic test
The object of this test was to determine the efficacy of 
bubbling oxygen free nitrogen (’white spot*) directly through the 
test solution.
The method involved measuring the cathodic current resulting 
from the reduction of dissolved oxygen on a platinum electrode held 
at various potentials,while the solution was deoxygenated with
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’white spot* nitrogen. Freshly prepared Hanks’ solution was made up
o
without the addition of sodium bicarbonate and heated to 37 C in the 
cell. One of the platinum electrodes was mounted in the centre of 
the cell as the working electrode while the other was used as the 
auxiliary electrode. The working electrode was held at -100 mV s.c.e. 
until a steady current was recorded. Oxygen free nitrogen was then 
admitted directly into the cell and current-time measurements taken. 
Results:-
Time Potential Current (cathodic)
(hours) (mV s.c.e.) (mA)
0 -100 0.032 (steady)
N admitted z
t» 0.044
0.5 it 0.022
1.0 it 0.009
1.5 t* 0.001
1.5 -200 0.002
2.0 -200 0.0005
2.0 -250 0.001
20.0 -250 i C  0.0005
20.0 -300 it
20.0 -400 tt
Conclusions
The limiting cathodic current, after 20 hours with oxygen free 
nitrogen bubbling through the solution, was less than the smallest 
current capable of being detected on the potentiostat ammeter. Thus, 
within the accuracy of the experiments, this treatment effectively 
removed all oxygen from the test solution and hence the Nilox scrubber 
was unnecessary.
It was proposed, as a result of this experiment, to make up 
solutions for all future tests on the day before the test and to
bubble ’white spot* nitrogen through overnight.
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4.3 Reproduceability Tests
It was essential to determine whether or not the apparatus was 
capable of reproducing results and for this reason a series of tests 
was carried out with, as far as possible, the various parameters held 
constant. The following section describes the experimental method 
adopted for these tests.
Specimens of cast Vitallium were ground to a 6/0 emery finish, 
degreased by swobbing with benzene, washed in a dilute soap solution 
(Lisapol N.D.B.) and rinsed well in distilled water. They were 
allowed to dry in air before being placed in a calcium chloride 
dessicator for at least twelve hours. Freshly prepared Hanks* 
solution was made up on the day before each test. After heating to 
37°C ’white spot* nitrogen was admitted and the pH adjusted by the 
addition of the required amount of sterile 4,4 per cent sodium 
bicarbonate solution.
The following day the test specimen was mounted in its electrode 
holder and loaded into the cell. The apparatus was then left for 
approximately thirty minutes before the start of the test. During 
this time a sample of solution was tapped from the cell and the 
initial pH (pH^) was measured.
At the start of the test the potential of the specimen was 
lowered to -1.0 volt s.c.e. in 200 mV steps every 5 minutes. A sweep 
rate of 240 mV/hour (20 mV/5 minute steps) had been arbitrarily 
chosen and hence polarisation curves were obtained by taking current 
readings after 5 minutes at each fixed potential, the potential being 
increased by 20 mV immediately after each current reading. At the 
end of each test the final pH (pHf) of the solution was measured.
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Current readings were converted to current densities, specimen 
surface areas having been measured with a micrometer and vernier 
calipers. Potential readings were converted to the normal hydrogen 
scale and potential-current density curves plotted. The cathodic 
regions resulting from the reduction of hydrogen ions at low 
potentials were not plotted since only the anodic characteristics of 
the specimens were of interest.
Fig. 12 (page 66) shows the results of these experiments. 
Discussion and Conclusions
The main conclusion from these tests was that the results 
obtained were reproduceable. The curves show good correlation at the 
upper limit of the passive range and above,although there is a slight 
discrepancy in the values of the current in the passive range. At 
lower potentials the curves show what appeared to be an active region 
with relatively poor correlation between tests. However, it was 
noted during the tests that in this region the current fell rapidly 
during the 5 minute periods at each potential and it was decided to 
investigate this effect further in future experiments. In a similar 
manner it was noted that at high potentials (above passive breakdown) 
the current increased rapidly during each 5 minute period. In theory 
’absolute* potential-current density curves can only be obtained by 
taking current readings after an infinite time at an infinite number 
of potential settings. Since in practice the aim is to use a sweep 
rate such that the curves may be considered ’absolute*,it was 
essential to carry out further tests to study not only the effect of 
the overall sweep rate but also time dependance at each fixed 
potential.
Although these curves could not be taken as absolute they did 
show the degree of reproduceability possible with carefully controlled
Specimen surface area = 3*1958 cm ; Sweep rate = 20 mV/p mins'.
ref: Fig.12 , curve a
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Specimen surface area = 3*1958 cm^; Sweep rate = 20 mV/5 mins.
ref: Fig. 12 , curve t>
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potential 
mV s.c.e.
current
mA
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mA
- lo s ,o (£>
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-  740 -  0.0025 + 280 it II
-  720 0.0008 + 300 11 It
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-  620 + 0.0015 6.3285 + 400 + 0.0013 6.3907
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Specimen surface area = 3.1958 cm 5 Sweep rate = 2 0  mV/ 5 mins.
ref: Pig. 12 , curve c; Pig.14 7 curve aj Pig.16 , curve a.
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conditions and could therefore be used as a basis for studying the 
effect of variations of certain parameters. The method of specimen 
and solution preparation used during these tests appeared satisfactory 
and were therefore adopted for all future tests. Considerable 
difficulty had been found in controlling the solution pH. It was 
therefore decided to study what range of pH could be accepted while 
maintaining a high degree of correlation between tests.
4*4 The Effect of pH Variations
To study the effect of pH on the polarisation curves test 
solutions were made up to various pH*s by the addition of different 
amounts of 4.4 per cent sodium bicarbonate solution. Experimental 
conditions were identical to those previously described except that 
all the tests in this series were conducted at a sweep rate of 
480 mV/hour (40 mV/5 minute steps).
Fig. 13 (page 72) shows the four potential-current density 
curves obtained, with the initial and final values of pH for each plot. 
Discussion and Conclusions:-
The results show that both the breakdown potential and the 
current in the passive range increased as the pH fell. However, 
since the equilibrium potential of the hydrogen electrode (effectively 
the reference electrode) is itself a function of pH =
0 - 0.0591 pH), these curves do not show directly the effect of pH 
variations on the corrosion performance of cast Vitallium. The 
equilibrium potential of the hydrogen electrode rises by approximately 
60 mV per unity decrease in pH and the curves may be expected to show 
a corresponding vertical shift if there is no pH dependance. This 
correction would not affect the variation of current in the passive 
range and this therefore appears to be a real pH dependant effect.
2
Specimen surface area = 4*417 cm 5 Sweep rate 40 mV/5 mins.
ref: Fig.13 j curve a.
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Specimen surface area = 4*3138 cm^j Sweep rate = 40 mV/5 mins.
ref: Fig. 13 , curve t>.
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Specimen surface area = 4.3138 cm $ Sweep rate = 40 mV/5 mins.
ref: Fig.13 , curve c$ Fig.14 , curve b.
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-  620 + 400 + 0.0032 6.1292
-  600 ' + 0.0035 6.0908 + 420
-  580 + 44o + 0.0045 5.9817
-  560 + 0.0030 6.1578 + 460
-  540 + 480 + 0.012 5.5557
-  520 + 0.0025 6.2370 + 500.
-  500 + 520 + 0.082 4 .72 II
-  480 + 0.0022 6.2925 + 540
-  460 +•560 + 0.240 4.2547
-  440 + 0.0020 6.3339 + 580 • .
-  420 + 600 + 0.390 4.0438
-  400 11 11 + 620
-  380 + 640 + O.54O 3.9O25
-  360 11 n + 660
-  34-0 + 680 + 0.810 3.7264
-  320 11 1 + 700
-  300 + 720 + 1.20 3.5557
-  280 11 11 + 740
-  260 + 760 + 2.00 3.3339
-  240 +0.0018 6 . 3796 + 780
-  220 + 800 + 3.20 3.1298
-  200 11 II + 820
-  180 + 840
-  160 1 It + 860.
-  140 + 880
-  120 ii II + 900 ■
-  100 + 920
-  80 1 II + 940
-  60 + 960
-  40 11 II + 980
- 20 + 1000
0 ii II
2
Specimen surface area = 4.3136 cm ; Sweep rate = 40 mV/5 mins.
ref: Pig.13 , curve d.
potential current
- 1O 3,0( i )
potential current
“ l0 g,o(i)
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
- 1000 -  0.133 + 20
» 980 ... + 4-0 + 0.0015 6.4588
-  960 -  0.0765 + 60
-  940 + 80 + 0.0015 6.4588
-  920 0.0410 + 100
-  900 + 120 + 0/0018 6.3796
-  880 -  0.0195 + 14-0
-  860 + 160 + 0.0018 6.3796
-  840 -  0.0060 + 180
-  820 + 200 + 0.0020 6.3339
-  800 + 0.0015 6.4588 + 220
-  780 + 240 + 0.0020 6.3339
-  760 + 0.0040 6.0328 + 260
-  740 + 280 + 0.0022 6.2925
-  720 + 0.0038 6.0551 + 300
-  700 + 320 0.0025 6.2370
-  680 + 0.003 6.1578 + 340
-  660 • + 360 + 0.0032 6.1308
-  640 + 0.002 6.3339 + 380
-  620 + 400 + 0.0040 6.0328
- 600 + 0.0018 6.3796 + 420
-  580 + 44o + 0.0050 5.9359
-  560 + 0.0018 6.3796 + 46o
-  540 + 480 + 0.0080 5.7318
-  520 + 0.0015 6.4588 + 500
-  500 + 520 + 0.100 4.6349
-  480 + 0.0013 6.5210 + 540
-  460 +.560 + 0.380 4.0551
. -  440 + 0.0012 6.5557 + 580 • .
-  420 + 600 + 0.650 , 3.8220
-  400 + 0.0010 6.6349 + 620
-  380 i. ■ + 64o + 1.00 3.6349
-  360 1 1 + 660
-  340 + 680 + 1.30 3.5210
-  320 u n + 700
-  300 + 720 + 2.00 3.3339
-  280 ii H + 740
-  260 + 760 + 2.50 3.2370
-  240 1 1 + 780
-  220 + 800 + 4.00 3.0328
-  200 1 . 1 + 820
-  180 + 84-0
-  160 11 n + 860
-  140 + 880
-  120 1 1 + 900
-  100 + 920
-  80 1 ti + 940
-  60 + 960
-  40 11 1 + 980
-  20 + 1000
0 + 0.0012 6.5557
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FIG. 13 CAST VITALLIUM , SHOWING THE EFFECT OF pH.
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For this reason it was decided to control the initial pH of the 
solution in future tests to 7,4 ± 0,15 and to apply no correction.
This would give an accuracy of better than 1 10 mV on the potential 
scale which was considered to be within the limits of reproduceability 
of the apparatus.
4.5 The Effect of Sweep Rate
Potential-current density curves were plotted for cast Vitallium 
at sweep rates ranging from 240 to 2400 mV/hour. These curves are 
shown in Fig. 14 (page 77), together with details of overall sweep 
rate and potential-time steps for each graph.
Discussion and Conclusions
Below the breakdown potential the current at each potential 
increased as the sweep rate increased. Above the breakdown potential 
no clear trend was apparent. The fact that the specimen had less 
time to reach steady conditions at each potential as the sweep rate 
increased,suggested that the true current in the passive range is 
less than that shown on the slowest sweep rate curve. It had been 
hoped that the results from this series of experiments would indicate 
a suitable sweep rate for future tests but since no such conclusion 
was possible,further tests were carried out to study the time 
dependant nature of the current at fixed potentials.
4-6 Time Dependance Tests
Potential sweeps were carried out at a sweep rate of 2400 mV/hour 
(20 mV/0.5 minute steps) in the normal way except that during each 
test the sweep was stopped at a certain potential and current-time 
readings were taken. Four sets of readings were obtained throughout 
the potential range of the polarisation curves and the resulting
2
Specimen surface area = 4-117 cm ; Sweep rate = 60 mV/5 mins.'
ref: Pig.14 , curve c.
potential current
-
potential current
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
-  1000 -  0.230 + .20 + 0 .0 0 1 8 6.3592
-  980 + 4-0
-  960 + 60
-  94-0 -  0.118 + 80 11 II
-  920 + 100
-  900 + 120
-  880 -  0.068 + 14-0 ti II
-  860 + 160
-  840 + 180
-  820 -  0.026 + 200 + 0.0020 6.3135
-  800 + 220
-  780 + 240
-  760 -  0.001 + 260 + 0.0023 6.2527
-  740 . + 280
-  720 ‘.+ 300 /
-  700 + 0 . 0065v, 5.8016 + 320 + 0.0025 6.2166
-  680 + 340
-  660 + 360
-  640 + 0.0060 5-8363 + 380 + 0.0030 6.1374
-  620 + 400
-  600 + 4-20
-  580 + 0.0042 5.9913 + 440 + 0.0050 5.9155
-  560 + 46o
-  540 + 480
-  520 + 0.0032 6.1094 + 500 + 0 . 0 2 3 5.2527
-  500 + 520
-  480 + 540
-  46o + 0.0023 ' 6.2527 +•560 + 0.23 4.2528
-  440 + 580 • .
-  420 + 600
-  400 + 0.0020 ' 6.3135 + 620 + 0.44  x 3.9710
—  380 + 640
-  360 + 660
-  340 +  0.0020 6.3135 + 680 + 0.7  8 3.7224
-  320 + 700
-  300 + 720
-  280 + 0 .0 0 1 8 6.3592 + 740 +  1 .40 3.4684
-  260 + 760
-  240 + 780
-  220 11 ti + 800 + 3 .2 0 3.1094
-  200 + 820
-  180 + 840 i
-  160 11 H + 860
-  140 + 880
-  120 + 900
-  100 11 II + 920
-  80 + 940
-  60 + 960
-  40 11 II + 980
-  20 +  1000
0
Specimen surface area = 4*117 cm^; Sweep rate = 20 mV/l min.
ref: Fig. 14 > curve d.
p o te n tia l 
mV s.c.e.
c u rre n t
mA
-
am ps/cm 2
-  1000 *- 0 .320
-  980 -  0.250
-  960 -  0 .200
-  9^0 -  0.157
-  920 -  0.128
-  900 -  0.100
-  880 -  0.086
-  860 -  0.075
-  840 -  0.059
-  820 -  0.041
-  800 -  0.025
-  780 -
-  760 + 0.0022 6.2721
-  740 + 0.0080 5.7114
-  720 + 0.0105 5.5933
-  700 + 0.0100 5.6145
-  680 + 0 .0090 5.6603
-  660 +  0.0082 5.7007
-  640 +  0.0075 5.7394
-  620 +  0.0062 5.8221
-  600 • +  O.OO58 5.8511
-  580 +  0.0055 5.8741
-  560 + 0.0052 5.8985  '
-  540 + 0.0050 5.9155
-  520 + O.OO45 5.9613
-  500 + 0.0042 5.9913
-  480 + 0.0042 5.9913
-  460 +  0 .0040 , 6.0124
-  440 11 11
-  420 11 11
-  400 11 it
-  380 11 11
-  360 tr H
-  340 11 11
-  320 it 11
-  300 + 0.0042 5.9913
-  280 + 0.0048 5.9333
-  260 11 11
-  240 11 11
-  220 ti H
-  200 +  0.0045 5.9613
-  180 11 11
-  160 11 n
-  140 11 11
-  120 ' + 0.0043 5.9810
-  100 tl 11
-  80 ti 11
-  60 + O.OO42 5.9913
-  40 ti 11
-  20 + 0.0040 6.0124
0 11 11
p o te n tia l  
mV s.c.e.
c u r re n t
mA a m p s /c m 2
+ .20 + 0.0040 6.0124
+ 4-0 11 11
+ 60 it ti
+ 80 H I!
+ 100 + 0.0041 6.0017
+ 120 + 0.0042 5.9913
+ 140 II' i*
+ 160 II 11
+ 180 11 •1
+ 200 II it
+ 220 It 11
+ 240 II ti
+ 260 II 11
+ 280 + 0.0045 5-9613 "
+ 300 II II
+ 320 II II
+ 340 + 0.0048 5.9333
+ 360 + 0.0050 5.9155
+ 380 + 0.0052 5.8985
+ 400 + 0.0055 5.8741
+ 420 + 0.0060 5-8363
+ 440 + 0.0065 5.8016 .
+ 46o + 0.0080 5 .7 H 4
+ 480 + 0.0098 5-6233
+ 500 + 0.0120 5.5353
+ 520 + 0.0170 5.3841
+ 540 + 0 .0295 5.1447
' +-560 + 0 .070 4.7694
+ 580 • . + 0 .1 5 0 4.4384
+ 600 + 0.195 4.3245
+ 620 + 0.265 4.1913
+ 640 + 0.305 4.1302
+ 660 + 0 .350 4.0704
+ 680 + 0.380 4.0347
+ 700 + 0 .500 3.9155
+ 720 + 0 * 640 3.8083
+ 740 + 0 .880 3.6700
+ 760 + 1 .2 0 3.5353
+ 780 + 1 .7 5  • 3.3715
+ 800 + 2 .5 0 3.2166
+ 820
+ 840
+ 860
+ 880
+ 900
+ 920
+ 940
. + 960
+ 980
+ 1000
Specimen surface area = 4.117 cm 5 Sweep rate = 20 mV/0.5 rains,
ref: Fig. 14 , curve e; Fig. 16 , curve b.
p o te n tia l c u r re n t -  l0%(i) p o te n tia l c u r re n t - 1o s J aL)
. mV s.c.e. mA am ps/cm 2 mV s.c.e. mA am p s /c rn 2
-  1000 -  0.235 ‘ +.20 + 0.0070 5.7694
-  980 -  0.195 + 4o 11 - n'
-  960 -■ 0.158 + 60 11 il
-  940 -  0 .130 . + 80 + 0.0068 5.7820 ,
-  920 -  0 .105 + 100 + 0.0068 5.7820 ]
-  900 -  0.089 + 120 + O.OO65 5 . 8016 i
-  880 -  0.073 + l4o 11 11
-  860 -  0.058 + 160 11 it |
-  840 -  0.043 + 180 11 n
-  820 -  0.028 + 200 11 11 j
-  800 -  0.013 + 220 11 . ■ 11 |
-  780 - • + 240 11 11 ■ j■ 1
-  760 + 0.0100 5.6145 + 260 11 u ?
-  740 + 0.0150 5.4384. + 280 + 0.0068 5.7820
-  720 -+ 0.0170 5.3841 + 300 + 0.0068 5.7820
-  700 + 0.0175 5.3715 + 320 + 0.0070 5.7694
-  680 + 0.0165 5.3970 + 340 + 0.0075 5.7394
-  660 + 0.0155 5.4242 + 360 + 0.0075 5.7394
-  640 + 0.0150 5.4384 + 380 + 0.0075 ■ 5 .7 3 9 4
-  620 + 0.0140 5.4684 + 400 + 0.0080 5.7114
-  600 + 0.0135 5.4842 + 420 + O.OO98 5.6233
-  580 + 0.0125 5.5176 + 440 + 0.0110 5.5731
-  560 + 0.0120 5-5353 + 460 + 0.0125 5.5176 [
-  540 + 0.0115 5-5538 + 480 + O.OI58 5.4156 i
-  520 + 0.0110 5^5731 + 500 + 0.020* 5.3135  !
-  500 + 0.0105 5.5933 + 520 + 0.028 5.1673  1
-  480 + 0.0100 5.6145 + 540 + 0.045 • 4 .9613
-  460 + 0.0098 5.6233 +•560 . + 0.092 4 .6507
-  440 + 0.0095 5.6368 + 580 • .
-4 2 0 + 0.0090  , 5.6603 + 600
-  400 + 0.0085 5.6851 + 620
-  380 + 0.0082 5.7007 + 640
-  360 + 0 .0 0 8 0 5 .7 H 4  ' + 660
-  340 + 0.0080 5.7114 + 680
-  320 + 0.0070 5.7694 + 700
-  300 + 0.0070 5.7694 + 720
-  280 + 0.0070 5.7694 . + 74-0
-  260 + 0.0075 5.7394 + 760
-  240 + 0.0080' 5 .7 H 4 + 780
-  220 + 0 .0 0 8 0 5 .7 H 4 + 800
-  200 + 0.0080 '5 .7114 + 820
-  180 + 0.0078 5.7224 + 840
-  160 + 0.0078 5.7224 + 860
- 140 + 0.0075 5.7394 + 880
-  120 +O.OO75 5.7394 + 900
-  100 + 0.0072 5.7572 + 920
-  80 +O.OO7O 5.7694 + 940
-  60 ti + 960
- 40 11 it + 980
-  20 11 11 + 1000
0 11' 11
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FIG.14 CAST VITALLIUM , SHOWING THE EFFECT OF SWEEP RATE
plots are shown in Fig* 15 (page 79).
Discussion and Conclusions:-
The current-time curves show quite clearly how the current 
decreased with time below a certain potential and increased with time 
above this potential* They also show that at potentials of 
0*034 volts and above the current was approximately constant after 
30 minutes,whereas at -0.466 volts it was still falling.
Fig. 16 (page 80) shows the current values after 30 minutes 
plotted with polarisation curves obtained at sweep rates of 240 and 
2400 iaV/hour. Clearly the 'active* region of the polarisation curves 
previously mentioned in section 4.3, is an artifact since the true 
current in this region is cathodic. Apart from this one point the 
values of current after 30 minutes show a close correlation with the 
240 mV/hour (20 mV/5 minute steps) polarisation curve. For this 
reason, and because a significantly slower sweep rate was impractical 
it was decided to standardise this sweep rate for future tests and to 
accept the *active* region as an artifact.
Potential-current density curves for cast Vitallium
The fact that the curves obtained during the reproduceability
tests (Fig- 12, page 66) were conducted under conditions which were
later standardised meant that they could now be considered accurate
potential-current density curves for cast Vitallium. Conclusions
about the corrosion performance of cast Vitallium could therefore be
drawn from these results.
The three curves show a log. current density in the passive
2
range of between -6.6 and -6.7 amps/cm . This agrees with the value
2 18 of -6,7 amps/cm measured by Hoar and Mears for Vital limn in
0.17M NaCl solution. The current density in the passive range is a
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FIG.16 CAST VITALLIUM . SHOWING TIME DEPENDANCE
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measure of the rate of conversion of metal to metal compound. Since 
the compound is usually an oxide with a low rate of dissolution in 
body fluids,the rate at which metal passes into solution may be 
expected to be considerably less than the above figures indicate.
With regard to breakdown potential the curves show what appeared 
to be an upper and lower breakdown point, occurring at approximately 
0,66 volts and 0,50 volts respectively. The current-time curves at 
different potentials (Fig, 15, page 79) show that the increase in 
current between 0,50 and 0,66 volts is not an artifact produced by 
the sweep rate, since after 30 minutes at 0,634 volts the current was 
approximately constant and greater than that in the passive range 
(0,034 volts). For this reason 0,50 volts was considered to be the 
potential at which passive breakdown of Vitallium occurs.
This value is considerably lower than the breakdown potential of 
0,87 volts measured by Hoar and Mears for Vitallium in 0*17M NaCl 
solution. These workers found that the rest potential of isolated 
Vitallium specimens in NaCl solution rose to about 0,50 volts after 
480 hours and remained approximately constant for 200 days, and 
therefore concluded that film breakdown was very unlikely. The break­
down potential of 0,50 volts measured in this present work is 
sufficiently below the equilibrium potential of the oxygen reduction 
reaction (0,82 volts at pH 7) to suggest the possibility of film 
breakdown; when it is considered in conjunction with the rest 
potential measured by Hoar and Mears the possibility of corrosion 
becomes even more likely. In an effort to investigate this possi­
bility further potential-time measurements of Vitallium in Hanks * 
solution were carried out.
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4.8 Potential-^Time Curves for Cast Vitallium
(a) First Test
The specimen for this test was prepared in the normal way on the 
day before the start of the test and kept in a dessicator overnight. 
Hanks* solution was made up and heated to 37°C. A gas mixture of 
95 per cent oxygen and 5 per cent carbon dioxide was bubbled through 
the solution overnight to ensure that the solution was saturated with 
oxygen.
The potential of the specimen was read immediately it was loaded 
into the cell and then periodically throughout the test. The gas 
mixture was kept bubbling through the Hanks* solution continuously 
during the test.
Fig* 17 (page 84) shows the potential-time curve resulting from 
this experiment.
Discussion
As the results show,the potential of the cast Vitallium specimen 
rose to approximately 0,16 volts (e^ ) after 3 days and remained 
virtually constant for the next 7 days. The shape of the curve 
indicates that a passivating surface layer formed on the specimen*
The resting potential is sufficiently below the previously measured 
passive breakdown potential to suggest that the material will remain 
in the passive state.
However, the resting potential of 0.16 volts is considerably 
lower than that measured by Hoar and Mears for Vitallium in 0.17M NaCl 
solution (0,50 volts). In fact, for Vitallium in Hanks* solution 
Hoar and Mears measured a potential of approximately 0.35 volts after 
24 days but even this is well above the resting potential measured 
during the present work. It was thought that the low resting 
potential may have resulted from the lack of a passive film on the
83.
Results Potential-Time Test
Cast Vitallium, machined.
(a) Specimen prepared on day before start of test. 
Ref: Fig, 17 (page 84).
Potential 
mV s.c.e.
7.38*330
-245
-202
■160
*13311.5
■96.524
■88.031
-78.048
55
-75.072
-72.079
7.38•72.0100
■73.0124
■72.0144
168
179
■78.0192
200
216
■74.5224
240
7.40•75.0248
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specimen when it was placed in the Hanks* solution. For this reason 
it was decided to repeat the experiment with a specimen prepared a 
considerable time before the start of the potential-time measurements,
(b) Second Test
The specimen for this test was prepared in the normal way but 
was then kept for 14 days, exposed to the atmosphere, before the 
start of the test. All other conditions were the same as for the 
previous experiment.
Fig. 18 (page 87) shows the resulting potential-time curve. 
Discussion and Conclusions
The potential of the Vitallium specimen rose to approximately 
0.225 volts after 6 days and remained virtually constant for the next 
9 days.
This resting potential is 65 mV more positive than that measured 
during the first potential-time experiment, but is still well below 
the passive breakdown potential. Obviously the initial condition of 
the passivating film has a significant effect on the resting 
potential, and this may explain the difference between the value 
measured by Hoar and Mears and that measured during the present work.
Another important factor affecting the measured resting 
potential is the composition of the test fluid. Hoar and Mears found 
that specimens of a number of different alloys in 0.17M NaCl solution 
generally maintained a potential 50 to 100 mV more positive than the 
same alloys in Hanks* solution.
These factors make it difficult to predict the resting potential 
of alloys in the human body from laboratory tests in simulated body 
fluids. A safer assessment of a particular metals corrosion 
resistance in the human body is probably gained from a consideration 
of its passive breakdown potential alone. The conclusion from the
86.
Results Potent ial-Time Test
Cast Vitallium, machined.
(b) Specimen prepared and left for 14 days before 
start of test.
Ref: Fig. 18 (page 87).
Time
hours
Potential 
mV s.c.e. PH
0 -360 7.32
3 -239
6 -211
22 -135
30 -109
47 -59.0
54 -46.0
71 -27.7
78 -22.3
102 -14.5 7.38
146 -9.2
167 -8.8
191 -8.0
215 -8.2
239 -9.6
263 -10.0
293 -9.0
335 -8.5
359 -8.8 7.43
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corrosion tests on cast Vitallium is therefore that the material has 
a passive breakdown potential (0#50 volts) sufficiently below the 
equilibrium potential of the oxygen cathodic reaction (0*82 volts) to 
indicate the theoretical possibility of film breakdown.
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CHAPTER 5
THE POWDER METALLURGY TECHNIQUE AND APPARATUS
5.1 Description of Method
This section gives a brief outline of the powder metallurgy 
method developed by Wilkinson. Later alterations in the technique, 
made during this present work, are described in Chapter 8.
Commercially available cobalt, chromium and molybdenum powders 
are mixed in the proportion 6Co:6Cr:lMo. This mixture is made into a 
slurry with the addition of Analar methanol and then compacted into 
half inch diameter slugs.
The compacts are melted in a high frequency induction furnace, 
under vacuum but with a controlled admittance of argon, in order to 
produce a prealloyed melt. Impurities in the original powders float 
to the surface during melting and are removed from the ingot by 
grinding*
The ingot is then broken into a coarse powder and loaded into an 
air-tight container for ball milling, together with an equal weight 
of hydrogen reduced cobalt powder and 1 ml. of Analar methanol per 
gram of powder. The mill body is loaded and sealed in a glove box 
containing an oxygen and water free argon atmosphere to prevent 
powder contamination.
The powder is milled on a vibration ball mill to give a mean 
powder size of 5 microns.
After milling the powder is allowed to dry before being loaded 
into a reversible gel mould for compaction; both these operations 
taking place in the protective atmosphere of the glove box.
After compaction at 10 t.s.i. the cylindrical specimens are 
sintered under vacuum for 10 hours at 1250°C.
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5*2 The Pcwder Metallurgy Apparatus
The powder metallurgy apparatus has been described in detail by 
2
Wilkinson • The following sections describe, briefly, the most 
important parts of the apparatus,as well as some of the difficulties 
encountered and alterations made during the present work.
Apparatus for Producing the Prealloyed Powder
The 6Co:6Cr:lMo powder compacts were placed in an alumina 
crucible, supported in an evacuated silica sheath and melted by 
lowering the sheath into the coils of a G.E.C. 7kW Induction Furnace. 
The vacuum plant consisted of a rotary backing pump, a 2 inch bore 
oil diffusion pump, and a liquid air-trap. The vacuum was measured 
with a Pirani Gauge Head and Gauge capable of measuring down to
_ 4
1 x 10 mm Hg. The temperature of the melt was measured by means of 
a Cambridge PX392 disappearing filament optical pyrometer focussed 
onto the melt through a silica window. Wilkinsonrs technique 
required the vacuum in the system to be lowered to approximately 
0.2 mm Hg,, by the admittance of argon, as the compacts approached 
their melting temperature, in order to prevent the ionisation of 
gases evolved from the melt. After removing the ingot from the 
furnace any suspect material was removed by grinding. The ingot was 
then broken down to pass through a 22 mesh sieve ready for ball 
milling.
Initial work was carried out using Wilkinson’s rebuilt apparatus 
and technique except that pure argon was admitted directly into the 
system instead of using a gas train to purify commercial argon.
The powder compacts (prealloyed melts 1 and 2) could not be 
melted on the first two occasions this apparatus was used, although
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the temperature was raised to 1800°C during the second test, (The 
compacts should melt at approximately 14Q0°C.) During these initial 
tests it was noted that the vacuum gradually fell as the temperature 
increased and that the unmelted compacts were covered with green and 
blue surface deposits. These two facts suggested that a leak in the 
vacuum system had produced high temperature oxidation of the powders 
which prevented melting. Although the pumps produced a vacuum of
~4
1 x 10 mm Hg. at room temperature (the value quoted by Wilkinson), 
it was found that the vacuum fell at a rate of 7 microns per minute 
when the system was isolated from the pumps. This rapid loss of 
vacuum indicated a leak but an attempt to locate the leak by 
directing a jet of hydrogen around the various seals and soldered 
joints and watching for a change in the vacuum reading failed. The 
leak rate was finally reduced to 0.1 microns per minute by replacing 
the copper pipework between the sheath and the pumps by an all glass 
system incorporating the minimum number of ground glass joints. 
Prealloyed compacts 2 and 3 could not be melted because of 
ionisation problems. Two distinct forms of ionisation were observed 
during these two tests; a pale blue ’glow* from the silica sheath 
when the argon was admitted, and a much stronger ionisation at a 
higher temperature when the tube ’ignited* like a neon tube with a 
bright violet colour. When this latter type of ionisation occurred 
the furnace had to be switched off to prevent thermal shock cracking 
of the silica sheath.
It was suspected that the first type of ionisation was the 
result of impurities in the argon. Enquiries at the British Oxygen 
Company showed that while commercially pure argon contained not less 
than 99,995 per cent argon,it contained impurities of nitrogen 
(30 vols per million), oxygen (6 v.p.ra.), carbon dioxide (1 v.p.m.),
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hydrogen (1 v.p.m.) and water (5 v.p.m.). After discussions with 
B.O.C. Ltd. the following gas purification was incorporated into the 
system:- bubble bottles containing concentrated sodium hydroxide and 
alkaline pyrogallol to remove carbon dioxide and oxygen respectively, 
and a bubble bottle containing molecular sieve and immersed in liquid 
air to remove nitrogen, hydrogen and water. In later tests this gas 
train was found to be completely effective in preventing ionisation 
when the argon was admitted, provided that the chemicals were renewed 
periodically.
The second form of ionisation was thought to be the result of
either gases or metal vapour evolving from the compacts at high
temperature. A consideration of metal vapour pressures showed that
the vapour pressures of cobalt, chromium and molybdenum at 1300°C are
-70.2, 2.1, and 7 x 10 mm Hg. respectively (references 42 and 43). 
Hence vapourisation of chromium, resulting in ionisation, was unlikely 
to be prevented at an argon pressure of 0.2 mm Hg. During later 
tests it was found that high temperature ionisation could be prevented 
if the vacuum was reduced to 6 mm Hg. by the admittance of a 
sufficient flow of purified argon.
5.2.2 The Glove Box and Reducing Furnace
The glove box provided an inert atmosphere of argon and hydrogen 
which prevented surface oxidation of the fine powders. A small 
proportion of hydrogen was added to commercially pure argon in order 
to remove the oxygen impurity in the argon when the mixture was 
passed through a *Deoxo* purification tower. Before entering the box 
the gas mixture then passed through large drying towers filled with 
molecular sieve. A small positive pressure was maintained in the box 
to prevent inward leaks of air and the gas in the box was continuously
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recirculated through the purification system to remove any oxygen 
diffusing through the rubber seals and neoprene gloves,
A 3 inch bore silica tube furnace was attached to one side of 
the glove box so that the hydrogen reduced cobalt powder could be 
loaded into the mill body without being removed from the protective 
atmosphere of the apparatus. Reduction of the cobalt powder was 
achieved by maintaining the powder at 450°C for at least twelve hours 
in a stream of hydrogen enriched gas mixture.
The glove box was found to leak past the *0f ring seal of the 
door between the box itself and the loading port. This leak was 
stopped by replacing the two original clamps by twelve small toggle 
clamps evenly arranged around the edge of the door. The only other 
modification made to this piece of apparatus was the provision of 
separate bubble bottles for the argon and hydrogen so that a clear 
indication of the relative proportions of the gases in the mixture 
was obtained.
5.2.3 The Vibration Ball Mill
A commercially available, 1450 cycles per minute vibration mill 
was used in conjunction with an air-tight mild steel container and 
0.5 inch diameter stainless steel balls throughout this work. After 
loading in the glove box the powder was milled for 100 hours in order 
to achieve maximum comminution.
Repeatedly the light grey mixture of coarse prealloyed powder 
and reduced cobalt was contaminated to a black powder during the 
milling process. This contamination resulted in high porosity (low 
density), multi-phased sintered specimens by preventing diffusion 
during the sintering process. Since a build up of pressure inside 
the mill body was apparent on opening, the contamination was not
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thought to be the result of an air leak into the container. It was 
concluded that contamination was the result of metallic pick-up from 
the walls of the mill body and the balls.
Wilkinson stated that iron pick-up was effectively prevented by 
powder being impacted into the steel surfaces but this effect was 
minimal in the initial milling during the present work. Satisfactory 
powder, and hence sintered specimens, were finally obtained after the 
mill had been filled with hydrogen reduced cobalt powder and run for 
a considerable time. The annealed cobalt powder was impacted into 
the surface of the balls and container and this apparently prevented 
contamination.
5.2.4 The Compactor
A 2 inch diameter compactor was made by internally grinding a 
rough bored 5 inch diameter, 12 inch long steel cylinder to close fit 
two precision ground, high chromium steel plungers.
Isostatic compaction was achieved by the use of reversible gel 
moulds. These moulds, each capable of producing three cylindrical 
specimens, were produced from a metal pattern. Each mould was filled 
inside the glove box before compaction at 10 t.s.i. on a 50 ton 
Denison testing machine.
After removal from the compactor the gel moulds were immersed in 
methanol and cut open to remove the three green compacts. One of 
these was immediately placed in the evacuated sintering furnace while 
the other two were stored under methanol in specimen bottles.
5.2.5 The Sintering Furnace
A high temperature wire wound tube furnace was used for 
sintering. The temperature of the specimens was measured by a
platinum 13 per cent rhodium thermocouple, the sheath of which rested 
against the specimen. The temperature was controlled to £ 5°C by an 
Ether Transitrol Gauge and the rate of temperature rise was controlled 
by a Sunvic Controller. The furnace tube was evacuated by a Metrovac 
two stage rotary vacuum pump connected via a liquid air trap.
As with the induction furnace vacuum system a satisfactory 
vacuum was produced only after the original copper pipework had been
replaced by an all glass system. When this was done a vacuum of
—3 *»31 x 10 mm Hg. with a leak rate of less than 2 x 10 mm Hg*. per
hour was obtained.
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CHAPTER 6 
INITIAL POWDER METALLURGY WORK
6.1 Prealloyed Powders
Samples of the coarse prealloy powders from all apparently 
successful melts were sent to a metallurgical assayer for chemical 
analysis. This was done because the consideration of metallic vapour 
pressures had indicated the possibility of preferential loss of 
chromium during vacuum melting and it was considered essential to 
know the extent of any compositional changes at this stage of the 
process. The method of analysis is given in an appendix (page 202) 
and results are shown in Table 2 (page 97).
The analysis results show that compositional changes occurred 
during the vacuum melting process. The figures also show that each 
melt was affected to a different extent. It had been noted that some 
of the melts were more friable than others. As expected the less 
friable melts were those which contained a high cobalt to chromium 
ratio (a composition tending towards that of Vitallium). A high 
cobalt to chromium ratio was also reflected in a relatively high iron 
content and it was concluded that the iron impurities were introduced 
when the melts were broken down to a coarse powder.
Melts 7, 9 and 10 were rejected because of their low molybdenum 
content and melt 8 was rejected because of its low chromium and high 
iron content.
6.2 Sintered Specimens
Three high density, single phased specimens with small grain 
size were produced from batch A of melt 6 (specimens 6A1, 6A2 and 6A3).
The specimens were sectioned for microscopy on a high speed,
Prealloy Composition of Prealloyed Powder
Melt %CO) %Cr %Mo %Fe
4 45.24 47.74 5.12 1.23
6 45.36 46.07 6.52 0.84
7 48.84 41.08 2.83 1.01
8 48.01 39.98 7.60 2.46
9 44.62 45.66 2.85 0.78
10 44.91 46.06 4.42 0.78
H 43.90 47.63 6.55 0.73
13 45.28 47.48 5.91 1.01
14 44.04 48.30 5.80 1.18
Table 2 Analysis of Prealloyed Powder 
(Composition before melting:- 46.14%Co, 46.14fcCr, 7 69%Mo)
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water cooled wheel. The sections were mounted and ground on a series 
of wet abrasive papers down to grade 600. They were then polished on 
a diamond wheel and electrolytically etched. The etchant composition 
was:-
100 cc water
5 g. citric acid (crystals)
6 g. boric acid (crystals).
The etching machine was preset to 12 volts and this fell to approxi­
mately 6 volts during etching.
Fig. 19 (page 99) shows the etched microstructures of the three 
specimens together with their respective densities.
These specimens had been produced by Wilkinson*s technique of 
adding an equal weight of reduced cobalt powder to the coarse pre­
alloyed powder before milling, compacting and sintering. Their 
densities were comparable to that of Wilkinson*s standard specimen 
(specimen with a density of 8.37 g/cc) and their etched micro­
structures showed the same order of grain size and the same surface 
skin. It was concluded that specimens 6A1, 6A2 and 6A3 represented 
samples of the sintered material produced and mechanically tested by 
Wilkinson,
Specimen 6A1 x 200 
( Density =  8. 29 g /c c  )
x w  ':J ->  Specimen 6A2 x 200 
' ( Density =  8. 28 g /c c  )
r JP-StV . -  \  i* M  : A- .’? • . •; , * ■ Y -
-• ^ tY ■ •-> 'r'.'W , v —  ■■ >■ ■ •
1^  V- l ■ ;*Vf ... r \* /
Specimen 6A3 x 200 
( Density =  8. 32 g /c c  )
Fig. 19 M icrostructures of Sintered Specim ens
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CHAPTER 7 
TESTS OF ORIGINAL SINTERED ALLOY
7.1 Corrosion tests of As-Sintered Material
Specimens 6A1, 6A2 and 6A3 were mounted with the cut transverse 
sections (produced when obtaining microstructures) sealed inside the 
glass mounting tube, so that only as-sintered surface was exposed to 
the Hanks* solution during the tests. Specimen preparation was as 
previously described, except that the surface was not ground with 
emery paper. Surface areas were calculated using mean values of 
several diameter and length measurements. No correction was made for 
surface roughness.
7.1.1 Potential-Current Density Curves
Polarisation curves were plotted for specimens 6A1, 6A2 and 6A3 
using the standard technique described in Chapter 4.
These curves are shown in Fig, 20 (page 104), Fig. 21 (page 107) 
and Fig, 22 (page 109).
7.1.2 Potential-Time Curves
Fig, 23 (page 111) shows the potential-time curve for specimen 
6A3 in oxygenated Hanks* solution at 37°C. The specimen had been 
prepared in the normal way and left standing in air for approximately 
14 days,
7.1.3 Discussion
The potential-current density curves showed considerable 
variation, not only between different specimens but also between 
different tests on the same specimens. With the possible exception
! 2 " ' 
Specimen surface area =* 4*662 cm ; Sweep rate » 20 mV/5 mins.
refs Fig. 20 , curve a; Fig. 22. , curve aj Fig. 24 > curve a,
potential current potential current " log10( i )
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
-  1000 -  0.260 + .20 + 0.0020 6.3676
-  980 -  0.195 + 4o + 0.0030 6.1915
-  960 -  0.142 + 60 + 0.0055 5-9362
-  940 . • -  0.105 + 80 +0.008 5.7655
-  920 -  0.080 • + 100 + 0.017 5.4382
-  900 -  0 . 069* + 120 +0.036 5.1123
~ -  880 -  0.056 + 140
-  860 • -  0.043 + 160
-  840 *  0.0325 + 180
-  820 -  0.022 + 200
-  800 -  0.016 . + 220
-  780 -  0.0105 + ’240
-760 -  0.007 + 260
; -  740 . -  0.0043 + 280
-  720 "r 0.003 • + 300
-  700 -  0.002 + 320
-  680 -  0.001 + 340
-  660 + 360
-  640 — + 380 ■ ... ' ...
-  620 : - + 400
-  600 — . + 420
-  580 — + 440
-  560 — + 460
-  540
6.9696
+ 4 80
-  520 + 0.0005 + 500
-  50 +  O.OOO5 6.9696 + 520
-4 8 0 + 0.0007 6.8235 + 540
-  460 + 0.001 6.6686 +•560
-4 4 0 ft 11 + 580 • .
-  420 . It
+ 0.0014
11 ■ + 600 ' f V ■' '• • .
-  400 6.5225 + 620
-  380 + 0.0015 6.4925 + 64o
-  360 ft it + 660
-  340 ft ti + 680
-  320 + 0.0012 6.5894 + 700
-  300 . 11 1 + 720
-  280 11 ti + 740
-  260 + 0.001 6.6686 ’ + 760
-  240 + 0.0009 6.7144 + 780 ■ .
-  220 II 11 ' + 800
-  200 + 0.001 6.6686 + 820
-  180 II 11 +  840
-  160 +  0.0009 6.7144 + 860
-  140 ft 11 +  880
-  120 +  0.001 6.6686 + 900
-  100 + 0.0012 6.5894 + 920
-  80 +  0.0014 6.5225 +  940
-  60 +  0.0016 6.4645 +  960/
-  40 +  0.0018 6.4133 + 980
-  2 0 + 0.0025 6.2707 + 1000
0 +  0.0020 6.3676
Results: Sintered Specimen 6A1, as Sintered
2Specimen surface area = 4*662 cm ; Sweep rate = 20 mV/5 mins. 
reft Fig. 20 j curve b.
potential current
-  l09,o ( i )
potential current -  loaI z )
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm*
-  1000 -  0.330 + .20 + 0.0013 6.5547
-  900 -0 .2 1 5 + 4o + 0.0015 6.4925
-  960 ' -0 .1 5 0 + 60 + 0.0013 6.5547
-  940 -  0.115 + 80 + 0.0014 6.5225
-  920 -  0.085 + 100 + 0.0013 6.5547
-  900 -  0.070’ + 120 + 0-.0015 6.4925
-  880 -  0.055 + 140 + 0.019 5.3898
-  860 -  0.045 + 160 + 0.088 4.7241
-  840 -  0.033 + 180
-  820 -  0.023 + 200
-  800 -  0.0155 + 220
-  780 -CO.0095 .+ 240
-  760 -  0.006 + 260
-  740 -  0.004 + 280
-  720 -  0.003 : + 300
-  700 -  0.002 + 320
- 680 -  0.001 + 340
- 660 - 0.0005 • + 360
- 640 — . +380
- 620 -  ■ + 4oo
- 600 - + 4-20
-  580 — + 44o
-  560 — + 460
-  540 — + 480
- 520 + 0.0005 6.9696 + 500
- 500 + 0.0005 6.9696 + 520
- 480 •+ 0.0007 6.8235 + 540
-  460 + 0.008 6.7655 +.560 .
- 440 11 + 580 • .
-4 2 0 + 600
-  400 + 620
-  380 II + 64o
-  360 II + 660
-  340 + 680
-  320 + 700
-  300 + 720
-  280 11 + 740
-  260 + 760
-  240 II + 780
-  220 + 800
-  200 + 820
-  180 + 840
-  160 ti + 860
-  140 II + 880
-  120 + 900
-  100 H + 920
-  80 II it + 940
-  60 II + 960
-  40 II + 980
-  20 +0.001 6.6686 + 1000
0 + 0.001 6.6686
Results: Sintered Specimen 6A1, as Sintered
2Specimen surface area = 4*662 cm ; Sweep rate = 20 mV/5 mins.
ref: Fig. 20 , curve c.
potential 
. mV s.c.e.
current
mA
-
amps/cm2
potential 
mV s.c.e.
current
mA
- log,0(£>
amps/cm2
-  1000 -  0.315 + ;20 + 0.0015 6.4925
-  980 -  0.220 ' + 40 + 0.0018 6.4133
-  960 -  0.162 ; + 60 + 0.0020 6.3676
-  940 -  0.122 + 80 + 0.0020 6 .3676
-  920 -  0.090 + 100 + 0.0035 6.1245 *
-  900 -  0.075 + 120 + 0.0075 5*7935
-  880 -  0.060 + 140 + 0.031 5.1772
-  860 -  0.050 i + 160 + 0.0098 4.6774
-  840 -  0.0395 + 180 + 0.30 4.1915
-  820 -  0.0275 + 200 + 0.74 3.7994
-  800 -  0.0175 + 220
-  780 -  0.0105 ' + 240
-  760 -  0.006 + 260
-  740 -  0.0033 + 280
-  720 -  0.0018 + 300
-  700 -  0.0008 + 320
-  680 — + 340
-  660 — + 360
-  640 — + 380
-  620 — • + 400
-  600 — + 420
-  580 - + 440
-  560 - + 460
-  540 + 0.0005. 6.9696 + 480
-  520 + 0.0005 6.9696 + 500
-  500 + 0.0008 6.7655 +  520
-  480 +  0.0008 6.7655 +  540
-  460 +  0.0010 6.6686 +.5&0
-  440 It t« +  580 • .
-  420 II « + 600
-  400 II it + 620 '
-  380 11 11 + 640
-  360 II 11 + 660
-  340 II 11 +  680
-  320 It 11 +  700
-  300 II it + 720
-  280 II 11 . +  740
-  260 II 11 + 760
-  240 II 11 + 780
-  220 II it + 800
-  200 II n + 820
-  180 II 11 + 840
-  160 II It +  860
-  140 ,11 II +  880
-  120 II II - +  900
-  100 II II + 920
-  80 II II + 940
-  60 II It + 960
-  40 +  0 . 0 0 1 2 6 . 5 8 9 4 + 980
-  20 +  0 . 0 0 1 2 6 . 5 8 9 4 +  1 0 0 0
0 + 0.0015 6 . 4 9 2 5
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FIG. 20 SINTERED SPECIMEN 6A1 , AS SINTERED
2Specimen surface area = 6.162 cm ; Sweep rate = 20 mV/5 mins.
ref: Fig. 21 , curve a; Fig. 22 ,, curve b.
potential current
- lO9,0( i )
potential current
- l09,o( i )
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
- 1000 0.380 + .20 + 0.375 4.2160
- 980 0.260 . + 4o + 0.462 4,1254
- 960 - O.I85 + 60 + 0.440 4.1465
-94o - 0.150 + 80 +0.395 4.1934
- 920 - 0.115 •> 100 + 0.470 4.H79
- 900 - - 0.086' + 120 + 0.415 4.1720
- 880 — O.O695 + l40 + 0.490 4.0998
- 860 •— O.O57 + 160 + 0.540 4.0576
- 840 - 0.0445 + 180 + 0.880 3.8455
- 820 — 0.0305 + 200 ; + 1.38 3.6501
- 800 - 0.0195 + 220 + 2.75 3.3507
- 780 0.0120 + 240 + 5.60 3.0418
- 760 — 0.0060 + 260
- 740 . — 0.0030 + 280
- 720 - 0.0015 ; + 300
- 700 + 320
- 680 + 340
— 660 — + 360
- 640 + 380
- 620 + 0.0005 7.0910 + 4oo
- 600 + 0.0005 7.0910 + 420
- 580 + 0.0007 6.9449 + 440
- 560 + 0.0010 6.7900 + 460
- 540 + 0.0013 6.6761 + 480
- 520 + 0.0015 6.6139 + 500 •' *
- 500 + 0.0015 6.6139 + 520
-480 + 0.0018 6.5347 + 540 • '
- 460 + 0.0018 6.5347 +• 560
- 440 + 0.0020 6.4890 • ‘ + 580 • .
- 420 »i 11 + 600
- 400 it + 620
- 380 • ti ' + 640
- 360 H 11 + 660
- 340 II ■ -u - :'y + 680
- 320 ' II ■ 11 - ' + 700
- 300 II ii + 720
- 280 II n + 740
- 260 II 11 + 760
- 240. II 11 + 780
- 220 II it + 800
- 200 II n + 820
- 180 + 0.0026 6.3750 + 840
- 160 . + 0.005 6.0910 + 860
- 140 .+ 0.165 4.5725 + 880
- 120 + 0.173 4.5396 + 900
- 100 + 0.172 4.5545 + 920
- 80 + 0.175 4.5470 + 940
- 60 + 0.200 4.4890 + 960
- 40 + 0.258 4.3784 + 980
- 20 + 0.295 4.4202 + 1000
0 + 0.350 4.2459
1 2 
Specimen surface area « 6.162 cm ; Sweep rate » 20 mV/5 mins.
ref: Pig. 21 , curve b.
potential current -  loa,o(£)
potential current
■ log,o(i)
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
-  1000 -0 .5 6 0 + ;20 + 0.325 4.2781
-  980 -  0.390 + 40 + 0.460 4.1272
-  960 -  0.272 + 60 + 0.600 4.0118
-  940 -  0.192 + 80 + 0.740 3.9208
-  920 -  0.140 ',+ 100 + 0.845 3.8631
-  900 -  0.105 + 120 + 0.990 3.7944
-  880 -  0.081 + 140 + 1.10 3.7483
-  860 -  O.O67 • ■ + 160 + 1.23 3.6998
-  840 -  0.051 + 180 + 1.45  • 3.6283
-  820 -  0.0375 + 200 + 1.62 3.5802
-  800 -  0.0270 + 220 + 1.92 3.5064
-  780 -  0.0175 + 240 + 2.22 Ji.4433
-  760 -  0.0093 + 260 + 2.85 3.3349 •
-  740 -  0.0040 + 280 + 4.60 3.1269
-  720 -  0.0017 • +300 + 8.70 2.8502
-  700 - + 320 + 20.5 2.4779
-  680 - + 340
-  660 + 0.0005 7.0910 + 360
-  640 + 0.0005 7.0910 + 380
-  620 + 0.0008 6.8869 + 4oo
-  600 ' + 0.0008 6.8869 + 420
-  580 + 0.0010 6.7900 + 440 ’ \ •
-  560 + 0.0013 6.6761 + 460
-  540 + 0.0015 6.6139 + 480
-  520 + 0.0015 6.6139 + 500 • •
-  500 + 0.0018 6.5347 + 520
-  480’ + 0.0018 6.5347 + 540 f
-  460 +0.0020 6.4890 +,560
-  440 H + 580 •
-  420 " < 11 + 600
-  400 ti + 620
-  380 ti + 640
-  360 11 + 660
-  340 11 + 680
-  320 11 + 700
-  300 ** + 720
-  280 II + 740
-  260 II + 760
-  240 II + 780
-  220 II V + 800
-  200 + 820
-  180 • + 840
-  160 H .■ /. / + 860
-  140 + 0.0022 6.4476 + 880
-  120 + 0.0022 6.4476 + 900
-  100 + 0.0025 6.3921 + 920
-  80 + 0.0045 6,1368 + 940
- 6 0 + 0.0140 5.6439 + 960
-  40 + 0.0510 5.0824 + 980 .
-  20 . + 0.115 4.7290 + 1000 .
0 + 0.200 4.4890
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FIG. 21 SINTERED SPECIMEN 6A 2, AS SINTERED
2
Specimen surface area ■ 6.O9 cm ; Sweep rate » 20 mV/5 mins.
ref: Fig. 2 2 , curve c.
potential current -  l°9,0( i )
potential current
- log10( i )
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
-  1000 -  0.520 +>•20 + 0.0100. 5.7846
-  980 -  0.475 + 40 + 0.0185' 5.5174
-  960 -  0.275 + 60 + o.043 5.1511
-  940. -  0.220 + 80 + 0.067 4.9585
-  920 -  0.180 + 100 + 0.122 4.6982 ;
-  900 -  0.155 + 120 • + 0.220 4.4422
-  880 -  0.135 + 140 + 0.430 4.1511
-  860 -  0.100 + 160 + 0.970 3.8978
-  840 -  0.0870 + 180 + 1.75  • 3.5416
-  820 -  0.070 + 200 *,2 .85 3.3298
' -  800 -  0.051 + 220 + 4.10 3.1718
-  78O -  0.039 + 240 + 5.80 3.0212
-  760 -  0.027 + 260
-  740 -  0.019 + 280 ;' ‘ ■ . :
-  720 — 0.012 + 300
-  700 -  0.0075 + 320
-  680 -  0.0040 + 340
-660 -  0.0020 + 360
-  640 -  0.0010 ■ ' ‘ ■ + 380 * /
-  620 . — + 400
-  600 — + 420
-  580 + 0.0005 7.0856 + 440
-  560 + 0.0012 6.7054 + 460
-  540 + 0.0018 6.5293 .+ 480
-  520 + 0.0022 6.4422 + 500
-  500 + 0.0032 6.2795 + 520
-  480 + 0.0035 6.2405 + 540
-  460 + 0.0035 6.2405 +.560 . a’
-  440 + 0.0035 6.2405 + 580 ■ .
-  420 +.0.0027 v 6.3532 + 600
-  400 +0.0025 6.3867 + 620
-  380 + 0.0023 6.4228 + 640
-  360 + 0.0022 6.4422 + 660
-  340 + 0.0022 6.4422 + 680 .
-  320 + 0.0020 6.4836 + 700
-  300 + 0.0020 6.4836 + 720 . '■ ....
-  280 + 0.0022 6.4422; + 740
-  260 + 0.0022 6.4422 * + 760
-  240 + 0.0022 6.4422 + 780
-  220 ' + 0.0020 6.4836 + 800
-  200 + 0.0022 6.4422 ' + 820
-  180 + 0.0022 6.4422 + 840
-  160 + 0.0050 6.0856 + 860
-  140 + 0.0035 6.2395 + 880
-  120 + 0.0033 6.2661 + 900
-  100 + 0.0035 6.2395 + 920
-  80 + 0.0033 6.2661 + 940
-  60 + 0.0033 6.2661 + 960
-  40 + 0.0038 6.2048 + 980
-  20 + 0.0050 6.0856 + 1000
0 + 0.0062 5*9922
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FIG .22 FIRST SWEEPS OF SINTERED SPECIMENS 6A1, 6A2,& 6A3.
Results Potential-Time Test
Specimen 6A3, as-sintered, 
ref. Fig, 23 (page 111),
Time
hours
Potential 
mV. s.c.e
7.35
*200
-152
24 -123
-11431
>98.048
>92.555
72 -85.0
■88.580
97 -81.0
101 •78.5
7.45144 •70.5
-64.0153
168 -62.0
176
■69.0192
•61.5200
216
224 -58.0
240 •58.0
248 •56,0 7.50
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of specimen 6A2 it was extremely difficult to locate the various 
breakdown potentials, due to the erratic nature of the curves.
However, the breakdown potentials of the three specimens were clearly 
all below 0.35 volts (the maximum breakaway point on 2nd sweep, 
specimen 6A1).
During each potential sweep the specimens were held above the 
breakdown potential and this must have resulted in a certain amount 
of surface attack. The first sweeps of the three specimens, Fig. 22 
(page 109), are therefore of primary interest. These curves show 
breakdown potentials ranging from 0,05 to 0,25 volts« Breakdown 
potentials of this order are sufficiently below the oxygen reduction 
equilibrium potential to make corrosion in oxygenated solutions 
extremely likely.
Specimen 6A3 was used for potential-time measurements because it 
had been subjected to only one potential sweep and hence surface 
attack was less than on the other specimens. Fig, 23 (page 111) 
shov/s that the potential of the isolated specimen had reached 
approximately 0.18 volts after 10 days and was still rising. This is 
sufficiently close to the breakdown potential (maximum value of 
0.20 volts from 6A3 polarisation curve) to conclude that with an as- 
sintered surface finish this material is unsuitable for surgical 
implants •
These results and conclusions were completely unexpected. The 
microstructures of these specimens, Fig. 19 (page 99), show the surface 
layer stated by Wilkinson to be chromium rich, and it had been 
expected that this would result in high corrosion resistance.
Specimen 6A2 was held above its breakdown potential for a considerable 
time during the first potential sweep, and the second sweep shows a 
rise in breakdown potential. This result is the complete opposite to
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that expected if there is an increase in chromium content towards the 
surface, since the surface layer would be expected to be more corrosion 
resistant than the underlying material.
It was decided to compare the corrosion resistance of the as- 
sintered surface with that of the main body of the alloy, by machining 
off the surface layer and conducting potential-current density tests 
on the machined specimen.
7.2 Corrosion test of Machined Specimen
Specimen 6A1 was turned down, over approximately three quarters 
of its length, using Grade AU Perpro tipped tools. Since the object 
of this test was to measure the corrosion resistance of the main body 
of the material,it was essential to remove all traces of the surface 
layer. The photographs of the microstructures show the surface layer 
to be approximately 0.0015 inches thick and it was decided to machine 
off a minimum of 0.010 inches. Because of the irregular shape of the 
specimen it was not possible to remove the same depth of material 
from the whole surface. The specimen was therefore turned down to a 
cylindrical shape with the maximum possible diameter and then a 
further cut of 0.010 inches was taken.
7.2.1 Potential-Current Density Curves
The specimen was mounted in the normal way,with the unmachined 
surface sealed inside the glass mounting tube.
Pig. 24 (page 115) shows the result of a standard potential 
sweep on the machined specimen,together with the first polarisation 
curve for the same specimen in the as-sintered state.
Specimen surface area ** 3*992 cm j Sweep rate ■ 20 mV/5 mins.
refs Fig. 2 4  , curve b.
potential current - loa,o (£ )
potential current
_l09,o(i)
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
-  1000 - 0.530 ' +.20 + 0.0018 6.3459
- 980 - 0.350 + 4-0 11 1
- 960 - 0.255 + 60 n it
- 940 - 0.200 + 80 + 0.0020 6.3002
- 920 - 0.170 ‘ + 100 + 0.0022 6.2588
- 900 - 0.140 + 120 + 0.0055 5.8608
- 880 . - 0.115 + 140 + 0.022 5.2588
- 860 ■ - 0.094 + i6o + 0.080 4.6981
- 840 - 0.079 ..’•.+ 180 + 0.23 . 4*2395
- 820 - 0.064 + 200
- 800 - 0.043 + 220
- 780 - 0.026 . + 240
- 760 - 0.014 + 260
- ?40 - 0.0075 + 280
- 720 - 0.0030 + 300
- 700 - 0.0005 + 320
- 680 — + 340
- 660 + 0.0005 6.9022- + 36O
- 640 + 0.0006 6.8230. + 380
- 620 + 0*0006 6.8230 + 400 ■ ■
- 600 +0.0008 6.6981 + 420
- 580 + 0.0008 6.6981 + 440
- 560 + 0.0009 6.6470 + 460
- 540 + 0.0009 6.6470 + 480
- 520 + 0.0012. 6.5220 + 500
0 •
- 500 + 0.0014 6.4551 + 520
- 480 + 0.0015 6.4251 + 540
- 460 + 0.0015 6.4251 +.560
-440 + 0.0015 6.4251 + 580 • .
- 420 + 0.0018 j 6.3459 + 600
- 4oo + 620
- 380 + 640
- 360 + 660
- 340 + 680
- 320 - u • + 700
- 300 + 720
- 280 + 740
- 260 + 760
- 240 + 780
- 220 + 800 . 1 ■
- 200 •* . + 820
- 180 + 840
- 160 + 860
- 140 + 880
- 120 + 900
- 100 + 920
- 80 11 + 940
- 60 + 960
- 40 + 980
- 20 + 1000
0 ti
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7.2.2 Discussion
The machined specimen exhibited a slightly higher breakdown 
potential than when first tested in the as-sintered state. However, 
the machined specimen showed no increase in breakdown potential when 
compared with the second and third potential sweeps for the as-sintered 
specimen.
This result indicated that the main body of the sintered alloy 
had essentially the same corrosion resistant properties as the 
surface layer, even though the etched microstructure showed a 
compositional difference. Because of this apparent contradiction it 
was decided to compare the composition of the surface layer and the 
underlying material using an Electron Probe Microanalyser.
Electron Probe Analysis of Surface Layer
The amount of cobalt and chromium radiation emitted when the 
electron beam was focussed onto specimen 6A1 was counted,and compared 
to that emitted from pure cobalt and chromium standards. The electron 
beam was focussed on the surface skin and the body of the specimen in 
turn so that a comparison of cobalt and chromium concentrations could 
be obtained. At each spot the radiation was counted over several 
10 second periods and a value for mean counts per second obtained. 
Table 3 (page 117) shows the electron probe results.
7.4 Discussion and Conclusions
The electron probe figures for cobalt and chromium concentrations 
were obtained by a straight comparison of the amount of radiation 
emitted by the specimen and the standards. Since no corrections were 
made, the figures show only compositional variations and not absolute 
metallic content. The two runs (two different spots on skin and
1st Run 2nd Run Mean
mean
c.p.s. % age
mean
c.p.s. % age % age
Cr standard 3223 3188
Co standard 4047 4035
Surface (Cr 484 15,0 444 13,9 14.5
Layer (Co 2549 63,0 2494 61.8 62.4
Bulk of (Cr 800 24.8 778 24.4 24,6
MaterialcCo 2280 56.4 2238 55*5 56.0
Specimen current = 50 raillimicroamps 
Gun potential = 25 kV.
Table 3 Electron Probe Analysis of Specimen 6A1
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underlying material) showed good correlation,and this indicated that
both the skin and the bulk of the material had constant compositions.
Clearly the surface layer contained less chromium and more
cobalt than the bulk of the material (14.5 - 24.6% Cr and 62.4 -
56.0% Co respectively). This means that there must have been a net
loss of chromium, not cobalt, during the sintering process.
Wilkinson’s method, which was used for the production of these
specimens, involves adding an excess of cobalt to compensate for the
supposed loss of this metal during sintering. If there was no loss
of metal the resulting alloy would have a composition of approximately
73% Co, 23% Cr and 4% molybdenum. Since there is in fact a net loss
of chromium during sintering,the alloy must contain in the order of
75% Co and 20% Cr,
Although Wilkinson chemically analysed his sintered specimens,
using a colorimetric technique, and concluded that the process
produced an alloy with an overall composition of 65% Co, 30% Cr and
445% Mo,his results were suspect. During this present work B.S. Lim 
was given the task of finding the most accurate laboratory method of 
analysing Vitallium, as an undergraduate project. After surveying 
various methods he concluded that a colorimetric method should be 
used,but found that the technique used by Wilkinson could introduce 
significant errors.
Wilkinson determined the proportion of chromium and molybdenum 
in a sample of the sintered alloy and found the cobalt content by 
subtraction. Chromium was determined by the chromate method,which 
involves converting the chromium to a pale yellow solution of sodium 
chromate. Lim pointed out that any iron impurities will interfere 
severely with chromium determination by this method, since iron will 
itself impart a yellow colour to the solution. Analysis of the
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prealloyed powder produced during this present work (page 97 ) had 
shown the presence of iron impurities. It seems likely, therefore, 
that Wilkinson’s method of analysis produced deceptively high figures 
for chromium content, and in this way obscurred the loss of chromium 
during the sintering process,
The overall deficiency of chromium was thought to be responsible 
for the poor corrosion resistance (low breakdown potential) of the 
sintered alloy, in both the as-sintered and machined state. Steel 
requires a chromium content above a certain theshold value before it 
becomes sufficiently corrosion resistant to be termed ’stainless’. 
Although the bulk of the sintered material undoubtedly contained a 
higher chromium content than the surface layer, it was felt that the 
chromium content in both was probably below a certain threshold value. 
This would explain the lack of improvement in corrosion resistance 
when the surface layer was machined off.
CHAPTER 8
POWDER METALLURGY WORK TO IMPROVE CORROSION RESISTANCE
Introduction
Wilkinson’s technique, of adding an equal weight of reduced 
cobalt powder to the prealloyed powder, resulted in a sintered alloy 
with a relatively low chromium content. The object of the work 
described in this chapter was to produce a sintered alloy with a 
chromium content comparable to that of cast Vitallium.
Powder Metallurgy Technique
An increase in the chromium content of the sintered alloy was 
achieved by adding less than an equal weight of cobalt to the 
prealloyed powder. The exact amount of cobalt added was calculated 
from the analysis figures for each prealloyed melt; sufficient cobalt 
being added to give a combined cobalt content of 65 per cent. In all 
other respects (milling time, compacting pressure, sintering time and 
temperature, etc.) the powder metallurgy process was as developed by 
Wilkinson.
The Sintered Alloy
Three sintered specimens were produced from prealloy melt 11 
(specimens 11.4, 11.5 and 11,6), The amount of cobalt added was 
60 per cent of the v/eight of the prealloyed powder, and this gave a 
combined composition of 65% Co, 29.7% Cr and 4.1% Mo before sintering.
The specimens were prepared for microscopy as previously 
described in section 6.2 (page 96). Fig. 25 (page 121) shows the 
microstructures of the three specimens, together with their 
respective densities.
' -- '-v -/
•\ I-TiK^C v
  ><t V- 'J>_
+ \  , < \ x-V
L> f 4*/^ .<Vy-f >Q*:.--
55V,«fCir i 'v ^  > ^.iV^ ,
Specimen 11.4 x 100
( Density =  8 .12 g /cc )
Specimen 11 .5  x 100 
( Density =  8. 05 g /c c  )
Specimen 11.6  xlOO 
( Density =  8 .1 0  g /cc )
Fig. 2 5 M icrostructures of Sintered Specim ens
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8*4 Electron Probe Analysis
The composition of specimen 11,4 was compared to that of a 
sample of cast Vitallium (as a standard) on an Electron Probe 
Microanalyser.
If a specimen and standard have different compositions, then a 
straight comparison of the amount of radiation emitted from each 
(without corrections) will not indicate accurately the composition of 
the specimen. However, if the specimen and standard have the same 
composition,then the amounts of radiation from each will be the same. 
Since the composition of specimens 11,4, 11.5 and 11,6 was expected 
to be essentially the same as that of cast Vitallium, an accurate 
analysis should be possible on the Electron Probe.
Table 4 (page 123) gives the results of this analysis assuming 
that the cast Vitallium standard contained 657> cobalt and 30% chromium. 
The radiation figures given are the mean of a considerable number of 
counts at random points on the specimen and standard surfaces,
8,5 Discussion
The Electron Probe analysis showed that specimen 11.4 had 
essentially the same composition as cast Vitallium,although a slight 
loss of chromium had obviously occurred during the sintering process.
The three specimens ha^ a lower density than those produced by 
Wilkinson’s method (8.09 g/cc mean compared to 8.30 g/cc mean for 
specimens 6A1, 6A2 and 6A3). Cobalt has a higher density than 
chromium (8,9 and 7,1 g/cc respectively) and the cast alloy has a 
density of 8.1 g/cc (page 19). The difference in densities of the 
two sets of specimens was therefore taken to reflect the compositional 
differences,rather than an increase in porosity of the later specimens. 
Fig. 25 (page 121) shows that grain size of specimens 11.4, 11.5
Mean Radiation 
c.p.s.
Composition
%
Cast Vitallium:
Cobalt 7044 65
Chromium 939 30
Specimen 11.4:
Cobalt 7250 66.8
Chromium 858 27.4
Specimen current = 50 millimicroamps 
Gun potential = 25 kV.
Overall composition = 66,8% Co, 27,4% Cr, 5.8% Mo*
(Mo by subtraction)
Table 4 Electron Probe Analysis of Specimen 11.4
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and 11.6 increased towards the surface, A comparison of the micro­
structures of the two sets of specimens (Fig. 19, page 99 and Fig. 25) 
shows that the later specimens, with a higher chromium content, had a 
larger grain size but did not have the pronounced surface skin of 
specimens 6A1, 6A2 and 6A3. Since this skin was cobalt rich, the 
apparent lack of it on the later specimens was considered to be an 
added advantage of increasing the chromium content of the alloy.
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CHAPTER 9
CORROSION TESTS OF NEW SINTERED ALLOY
9,1 Corrosion Tests of As-Sintered Material
Specimen mounting, specimen preparation,and all other experi­
mental conditions for these tests were the same as those described in 
section 7.1 (page 100) for the original sintered alloy.
Potential-Current Density Curves
Potential-current density curves v/ere plotted for specimens 11.4,
11.5 and 11.6, using the standard technique described in chapter 4.
The resulting curves are shown in Figs. 26 and 27 (pages 128 and 131 
respectively).
9.1.2 Potential-Time Curve
Fig. 28 (page 133) shows the potential-time curve for specimen 
11.4 in oxygenated Hanks* solution at 37°C. The specimen had been 
prepared in the normal way and left standing in air for approximately 
14 days.
Discussion
Fig. 27 (page 131) shows a considerable variation between the 
first polarisation curves for each specimen. It was impossible to 
pin-point the breakdown potential of specimen 11.5,but specimens 11.4 
and 11.6 showed breakdown potentials of approximately +0.03 and -0.03 
volts respectively. These breakdown potentials are lower than those 
measured for the original sintered alloy and hence the higher chromium 
content alloy had a lower corrosion resistance. This is demonstrated 
by the potential-time curve for specimen 11.4 shown in Fig. 28 (page 
133). The oscillatory nature of the curve shows that the specimen
xvcatu . o & » ojlzi o c x o u  x x . w ,  cio u i i a  w j l c u
2Specimen surface area = 5*488 cm j Sweep rate = 20 rnV/5 mins. 
ref: Fig.27 , curve c; Fi&. 26 > curve1 a.
potential current -  log10( i )
potential current - lOS,o(x)
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
-  1000 -  0.420 + .20
-  980 -  0.275 - + 4o
- 960 -  0.225 + 60
‘ -  940 -  0.175 + 80
-  920 -  0.135 . + 100
-  900 -  0.115" + 120
- 880 -  0.097 + 140 ;
-  860 • -  0.079 + 160
- 840 -  0.064 + 180
-  820 -  0.050 + 200
. -  800 -  0.037 + 220
-  780 -  0.026 + 240
- -  760 -  0.017 + 260
-  740 -  0.0115 ' . + 280
-  720 -  0.007 + 300
-  700 -  0.004 + 320
-  680 -  0.002 + 340
-  660 -  0.0008 + 360
-  640 - + 380
-  620 - + 400
-  600 - + 420
-  580 + 0.0005 7.0404 ■ + 440 , .
-  560 + 0.0008 6.8363 ' + 460
-  540 + 0.0010 6.7394 '+ 480
-  520 + 0.0015 6.5633 + 500
-  500 + 0.0018 6.4841 + 520
-  480 + 0.0020 6.4384 + 540
-  460 + 0.0025 6.3415 +•560
-  440 + 0.0022 6.3970 + 580 • .
-  420 + 0.0018 6.4841 + 600
-  400 + 0.0020 6.4384 ' + 620
-  380 »» t» + 640
-  360 it H + 660
-  340 . 1 + 680
-  320 1 H + 700
-  300 1 ii + 720
-  280 ti 11 + 740
-  260 11 ti + 760
-  240 + 0.0022 6.3970 + 780
-  220 + 0.0032 6.2343 + 800
-  200 + ' 0.0042 .< 6.1162 + 820
-  180 + 0.0075 5*8643 + 840
-  160 + 0.0125 5.6425 + 860
-  140 + 0.020 5.4384 + 880
-  120 .+ 0.032 5.2343 + 900
-  100 + 0.054 5.0070 + 920
-  80 + 0.090 4.7852 + 940
-  60 + 0.15 4.5633 + 960
-  40 +' 0.235 4.3683 + 980
-  20 + 0*340 4.2079 + 1000
0
Results: Sintered Specimen 11.6, as Sintered
2
Specimen surface area = 5-488 cm : Sweep rate = 2 0  mV/5 mins. 
ref: Fig. 26 , curve b.
potential current -  1O3,0( i )
potential current - loa,oGO
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
-  1000 -  0.420 +•.20
-  980 . -  0.300 + 4-0
-  960 0.225 + 60
-  940 -0 .1 6 5 + 80
-  920 -  0.138 + 100
-  900 -  0.105 + 120
-  880 -  0.089 + 140
-  860 -  O.076 + 160 (
-  840 -  0.062 + 180
-  820 -  0.0445 + 200
-  800 -  0.032 + 220
-  780 -  0.021 + 240 •
-  760 -  0.012 + 260
-  740 -  0.0078 + 280
-  720 -  0.0045 + 300
-  700 -  0.0025 + 320
-  680 -  0.0010 + 340
-  660 — + 360
-  640 • — + 38O
-  620 — + 400
-  600 + 0.0005 7.0404 + 420
-  580 + 0.0008 6.8363 + 44-0
-  560 + 0.0010 6.7394 + 460
-  540 + 0.0010 6.7394 . + 480
-  520 + 0.0015 6.5633 + 500
-  500 + 0.0015 6.5633 + 520 ’
-  480 + 0.0018 6.4841 + 540 %
-  460 + 0.0018 6.4841 +.^60
-  440 + 0.0019 6.4606 + 580 • .
-  420 it + 600
-  400 it + 620
-  380 it + 640
-  360 11 _ + 660
-  340 if + 680
-  320 ti + 700
• -  300 1 + 720 , 
+ 740 C-  280 it it
-  260 + 0.0020 6.4384 + 760
-  240 + 0.0022 ' 6.3970 : + 780
-  220 + 0.0025 6.3415 + 800
-  200 + 0*0030 • 6.2623 + 820
-  180 + 0.0040 6.1373 + 840
-  160 + 0.0045 6.0862 + 860
-  140 + 0.0055 5.9990 + 880
-  120 + 0.0060 5.9612 + 900
-  100 + 0.0070 5-8943 + 920
-  80 + 0.0090 5-7852 + 940
-  60 + 0.0125 5.6425 + 960
-  40 + 0.023 5.3776 + 980
-  20 + O.O46 5.0766 + 1000
0 + 0.086 4.8049
.7
%
curve sweep PH; pHf
a 1 St 7-25 7*34
b 2 nd 7*32 7.35
i --------------------  1- ---------------1----------------- 1----------------- r
7 G 5 4 3 2
CURRENT DENSITY, -log,0( -L )  , (amps/cm2)
\ ^  J
F I G . 26 SINTERED SPECIMEN 11-6 , AS SINTERED
2
Specimen surface area = 4*847 cm ; Sweep rate = 20 raV/5 mins.
ref: Fig. 2 7 , curve a.
potential 
mV s.c.e.
current
mA
-  log,0( £ )  
amps /cm2
potential 
mV s.c.e.
current
mA
- 109 J £ )
amps/cm2
*• 1000 -  0.310 + .20
-  980 -  0.215 . + 4o
-  960 -  O.I65 + 60
-  940 -  0.130 + 80
-  920 -  0.10-5 + 100
-  900 -  0.081 + 120
-  880 -  O.O69 + 140
-  860 -  O.O55 + 160
-  840 -  O.O4.3 + 180
-  820 -  0.034 + 200
-  800 -  0.024 + 220
-  780 -  0.017 + 240
-  760 -  0.012 + 260
-  740 -  0.008 + 280
-  720 -  0.0045 + 300
-  700 -  0.0025 + 320
-  680 -  0.0015 + 340
-  660 -  0.0005 + 36O
-  640 - + 380
-  620 - + 400
-  600 + 0.0005 6.9864 + 4-20
-  580 11 11 + 440
-  560 + 0.0007 6.8403 ' + 460
-  540 + 0.0008 6.7823 + 480
-  520 + 0.0012 6.6062 + 500
-  500 + 0.0014 6.5393 + 520
-  480 + 0.0017 6.4550 + 540
-  460 + 0.0018 6.4301 +.560
-  440 + 0.0020. 6.3844 + 580 •
-  420 11 ti + 600
-  400 11 11 + 620
-  380 + 0.0022 6.3430 + 640
-  360 11 11 + 660
-  340 11 ti + 680
-  320 + 0.0020 6.3844 + 700
• -  300 11 11 + 720
-  280 + 0.0017 6.4550 + 740
-  260 11 11 + 760
-  240 11 11 . + 780
-  220 11 + 800
-  200 11 11 + 820
-  180 + 0.0025 6.2875 + 840
-  160 + 0.0030 6.2083 + 860 *
-  140. + 0.0042 • 6.0622 + 880
-  120 + 0.0060 6.0072 + 900
-  100 + 0.0090 5.7312 + 920
-  80 + O.OI55 5.4951 + 940
-  60 + 0.030 5.2083 + 960
-  40 + 0.068 4.8529 + 980
-  20 + 0.122 4.5990 + 1000
0 + 0.300 4.2083
2Specimen surface area » 3.942 cm j Sweeji rate « 20 mV/5 mins.
refs Pig. 2 7  , curve b# Pig. 2 9  , curve a.
potential current -  lO3,0( i )
potential current -  103io(s)
mV s.c.e. mA amps/cm2 . mV s.c.e. mA amps/cm2
-  1000 -  0.180 + ;20 + 0.090 4.6415
-  9B0 -  0.130 + 40 + 0.270 4-1643
-  960 -  0.096 + 60 + 0.670 3.7696
-  940 -  0.071 + 80 + 1.40 3.4496
-  920 -  0.057 + 100
-  900 -  0.049 + 120
-  880 -  0.040 + 140
-  860 -  0.029 + 160
-  840 -  0.020 + 180 „
-  820 -  0.014 + 200
-  800 -  0.010 + 220
-  780 -  0.007 + 240
-  760 -  0.005 . + 260
-  740 . -  0.0035 + 280
-  720 -  0.0025 + 300
-  700 -  0.0015 + 320
-  680 -  c.0005 + 340
-  660 — + 360
-  640 - + 380 .
-  620 - + 400
-  600 + 0.0007 6.7506 + 420
-  580 . +0.001 6.5957 + 440
-  560 + 0.001 6.5957 + 460
-  540 + c.0015 6.4196 + 480
-  520 + 0.0015 6.4196 • + 500 •4»
-  500 + 0.002 6.2947 + 520
-  480 . + 0.002 6.2947 + 540 ■,
-  460 + 0.002 6.2947 +•560
-  440 + 0.0025 6.1978 + 580
-  420 + 0.003 6.1186 + 600
-  400 + 0.0035 6.0506 + 620
-  380 + 0.0028 6.1485 + 640
-  360 + 0.0023 6.2339 + 660
-  340 + 0.0020 6.2947 + 680
-  320 + 0.0020 6.2947 + 700
-  300 + 0.0022 6.2533 + 720
-  280 + 0.0025 6.1978 + 740
-  260 + 0.0028 6.1485 + 760
-  240 + 0.0030 6.1186 + 780
-  220 + 0.0034 6.0642 + 800
-  200 + 0.0037 6.0275 + 820
-  180 + 0.0040 5. 9936 + 840
-  160 + 0.0045 > 5.9425 + 860
-  140 + 0.0045 5.9425 + 880
-  120 + 0.0050 5.8967 + 900
-  100 + 0.0053 5.8714 + 920
-  80 + O.OO58 5.8323 + 940
-  60 + 0.0075 5.7206 + 960
— 40 + 0.010 5.5957 + 980
-  20 + 0.018 5.3404 + 1000
0 + 0.034 ' 5.0642
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curve specimen PH j pHf
a 11-4 7-48 7-46
b 11-5 7-32 7-32
c 11.6 7-25 7- 34
7 6 5 4 . 3  2
CURRENT DENSITY, -lo g )0(-^ ). (amps/cmJ)
FIG. 27  FIRST SWEEPS OF SINTERED SPECIMENS 11-4,11-58.11-6
Results Potential-Time Test
Specimen 11,4, as-sintered, 
ref. Fig. 28 (page 133).
Potential 
mV. s.c.e
Time
hours
7.35
-210
-223
•237
-22323
31 •221
•20847
•19855
-19071
79 •193
•198101
•201126
7.42143 •210
150 •211
168 -212
■214176
•218191
•235198
215 •251
•260222
•257239
246 7.45•255
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underwent film breakdown when exposed to oxygenated Hanks* solution.
Corrosion Tests of Machined Specimen
A minimum of 0.010 inches was machined off the surface of 
specimen 11.5, in the same way as described for specimen 6A1 (page 113), 
in order to study the possible effect of a surface layer,
Potential-Current Density Curve
Fig. 29 (page 136) shows the result of a standard potential 
sweep on the machined specimen 11.5, together with the first 
polarisation curve for this specimen in the as-sintered state.
Discussion
Specimen 11.5 exhibited similar polarisation curves in the as- 
sintered and machined states,indicating that any surface compositional 
variation had no effect on the corrosion resistance.
The low breakdown potential of this material was unexpected. It 
was known that the alloy contained an overall chromium content of 
approximately 30 per cent,and etched sections of the specimens 
indicated a homogeneous, single phased material. In order to study 
the nature of the corrosion attack,it was decided to examine the 
microstructure of a mounted section of one of the specimens after it 
had been held, for a certain time, at a potential above its passive 
breakdown potential.
Corrosion of a Mounted Section
The previously mounted metallurgical section of specimen 11.5 
was adapted for use in the corrosion cell as shown in Fig. 30 (page 
137). A hole was drilled in the back of the mount so that the
2
Specimen surface area = 3*17 cm j Sweep rate = 20 mV/5 mins,
ref: Fig. 2 9 , curve t>.
potential current
- l % ( i )
potential current -  l09,o ( i )
mV s.c.e. mA amps/cm2 mV s.c.e. mA amps/cm2
- 1000 - 0.340 +■; 20 + 0.200 . 4.2001
- 980 -  0.225' + 40 + 0.335 3.9761
- 960 - 0.155 + 60 + 0.64 3.6949 .
- '940 - 0.115 + 80 + I .25 3.4042
- 920 - 0.089 + 100 + 3.20
‘ - 900 - 0.073. + 120 •
- 880 - 0.056 + 140
- 860 • - 0.046 • + 160
>  840 - 0.038 + 180
- 820 - 0.029 + 200
- 800 - 0.019 + 220
- 780 - 0.010 + 240
- 760 - 0.005 + 260
- 740 - 0.001 + 280
- 720 * : — ' • •+ 300
- 700 • - + 320
- 680 . —  ■ + 340
— 660 — •+ 360
- 640 + 380
- 620 — + 400
- 600 . — + 420
- 580 + 0.0005 6.8021 + 440
- 560 + 0.0005 6.8021 + 460
- 540 + 0.0007 6.656O + 480
- 520 + 0.C007 6.656O + 500
-  50 + 0.0009 6.5469 + 520
- 480 •+ 0.0010 6 .5O II + 540
- 460 + 0.0012 •6.4219 +.560
- 440 , + 0.0014 6.3550 + 580 • .
- 420 + 0.0015 • 6.3250 + 600
- 4oo • + 0.0017 6.2707 + 620
- 380 + 0.0018 6.2458 + 640
-  360 + 0.0019 6.2223 + 660
-  340 + 0.0020 6.2001 + 680
-  320 + 0.0020 6.2001 + 700
-  300 + 0.0022 6.1587 + 720
- 280 + 0.0028 6.0549 + 740
- 260 +0.0035 5.9570 + 760
-  240 + 0.004 0 5.8990 + 780
- 220 + 0.0047 5.8290 + 800
-200 + 0.0058 5.7377 + 820
- 180 + 0.0063 5.7018 + 840
- 160 +O.OO78 5.6090 + 860
- 140 + 0.0084* 5.5768^ + 880
- 120 +O.OO98, •5.5099 + 900
- 100 + 0.0105 5.4799 + 920
- 80 + 0.0135 5.3708 ‘ + 940
- 60 + 0.0195 5.2111 + 960
- 40 + 0.039 4.9100 + 980
- 20 + 0.077 4.6146 + 1000
0 + 0.14.2 4.3488
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mounting rod could make contact with the specimen section. The 
section was repolished so that the corrosion attack could not be 
confused with the effect of etching.
The specimen was held at 1.034 volts (eH> for one hour in 
oxygenated Hanks* solution at 37°C, the pH of which had been adjusted 
to 7.4. Fig. 31 (page 139) shows light microscope pictures of the 
polished section after this treatment.
9.3.1 Discussion
Although the material could never achieve a potential of 1.034 
volts in the human body, previous tests indicated that the metal would 
suffer film breakdown. For this reason the experiment can be 
considered as an accelerated test with direct correlation to practical 
conditions.
The experiment showed that above its breakdown potential the 
metal suffered what, at first sight, appeared to be pitting. Closer 
examination of Fig. 31 reveals that the grain boundaries around the 
•pits* had an etched appearance. Fig. 31 (c) shows a complete grain 
at the edge of a large Tpit*, with a slightly darker surface finish. 
This is indicative of a change in angle between the single grain and 
the flat surface of the remainder of the specimen. No attack within 
an individual grain could be found. When the fpits* were prodded 
with a needle a large amount of material was easily removed and the 
’pits* were both deepened and extended.
The above observations led to the conclusion that the corrosion 
attack occurred at the grain boundaries,and that the *pitsr were 
formed when individual grains became detached.
139
(b) x  72
(c) x  144
F ig . 31 S intered  specim en 11*5, po lished  section  showing a ttack  a fte r  1 hour at 1*034 v o lts .
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9.4 Final Discussion and Conclusions from the Powder Metallurgy Work
Corrosion tests on the sintered material have shown that, even 
with an overall chromium content of 30 per cent, the material has 
insufficient corrosion resistance for use in the human body.
Corrosion attack occurred at the grain boundaries. This 
suggests that the specimens contained a second phase within the grain 
boundaries which was probably chromium deficient. During his work to 
develop the powder metallurgy technique, Wilkinson found that 
sintering for 5 hours produced an alloy containing a second phase 
within the grain boundaries. The corrosion tests conducted during 
this present work suggest that this second phase is not completely 
eliminated by sintering for 10 hours and is responsible for the low 
corrosion resistance of the sintered material.
Evidence to support this conclusion was provided by a study of 
the etched microstructures of the specimens at increased magnification. 
Fig. 32 (page 141) shows the microstructures of specimens 11.4 and 
6A1 at X S00 magnification. Fig. 32 (a) shows the grain boundaries 
of specimen 11.4 to be made up of a second phase. Although, at first 
sight, the grain boundaries of specimen 6A1 in Fig. 32 (b) appear as 
thin dark lines, a closer examination reveals the presence of a 
narrow band around each grain which is slightly lighter in colour 
than the grains. This was thought to be indicative of a second phase 
material at the grain boundaries.
Before sintering the specimen compacts consisted of prealloyed 
powder particles embedded in a relatively soft matrix of cobalt.
During sintering diffusion, and subsequent grain growth, takes place 
at the interface between the prealloyed particles and the cobalt 
matrix. It is suggested that the grain boundary material traced 
after sintering was a cobalt rich phase remaining after incomplete 
diffusion.
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Wilkinson found that milling the coarse prealloyed powder, plus 
an equal weight of cobalt,at 1450 cycles/minute for 100 hours, produced 
powder with a mean particle size of 5 microns. This corresponds 
closely to the size of the inclusions in the microstructure of 
specimen 6A1 (5 microns == 2.5 mm. at X 500 magnification). The 
grain boundary inclusions were therefore thought to be oxidised 
powder particles which had been pushed to the grain boundaries by 
grain growth. A comparison of Fig, 32 (a) and Fig. 32 (b) shows 
quite clearly the increased grain size of the increased chromium 
content alloy. The increased size of the inclusions in specimen 11.4 
suggests that the increased grain size was the result of a larger 
original powder size. An increase in the original powder size would 
mean a decrease in particle surface area,and hence a decrease in the 
prealloyed powder-cobalt matrix interface area. This would explain 
the larger amount of cobalt rich phase in the grain boundaries of 
specimen 11,4 as the result of a slower diffusion rate.
Any effort to improve the corrosion resistance of the sintered 
alloy will entail further work on the powder metallurgy process,
Wilkinson found values for the various powder metallurgy para­
meters which optimised the mechanical properties of an approximately 
75% cobalt, 20% chromium, 5% molybdenum alloy. This material has 
been shown to have low corrosion resistance in physiological fluids; 
primarily because incomplete diffusion during sintering produced a 
cobalt rich phase within the grain boundaries, A homogeneous alloy 
of the above composition could well be produced by increasing the 
sintering time and/or the sintering temperature. However, Wilkinson 
found that an increase in both these parameters led to an increase in 
grain size. Wilkinson attributed the increased mechanical properties 
of the sintered alloy, when compared to the cast, to the reduced
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grain size. It seems likely, therefore, that any improvement in the 
corrosion resistance of this material will be gained only at the 
expense of its mechanical properties. Furthermore,a homogeneous 
alloy of the above composition may be expected to have inferior 
corrosion resistance, when compared to cast Vitallium,by virtue of its 
lower chromium content.
When the same powder metallurgy parameters were used to produce 
an approximately 65% cobalt, 30% chromium, 5% molybdenum alloy, the 
resulting material had an increased grain size and an increased 
amount of the cobalt rich phase surrounding the grains. Any changes 
in the powder metallurgy parameters to homogenise this alloy will be 
likely to increase the grain size even further. Hence, a 65% cobalt, 
30% chromium, 5% molybdenum sintered alloy,with adequate corrosion 
resistance for use in the human body, is likely to have mechanical 
properties significantly below those of the original sintered 
material. This must decrease the value of the sintered alloy as an 
implant material, since this is based on its improved mechanical 
properties when compared to the cast alloy.
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CHAPTER 10 
THE EXAMINATION OF REMOVED IMPLANTS
10.1 Introduction
At the beginning of this present work, orthopaedic surgeons at 
several hospitals were asked to send any metallic implants removed in 
the future to the University. As a result of this request removed 
implants arrived in the department at various stages of the work.
Laboratory corrosion tests on cast Vitallium (Chapter 4) showed 
the possibility of corrosion of this alloy in vivo, and the exami­
nation of removed implants therefore concentrated on this aspect of 
the implants performance. The results of the examination of four 
cast Vitallium implants are presented in this chapter.
10.2 Implant A
This implant was a cast Vitallium McLaughlin plate.
10.2.1 History
The implant was removed from a woman patient, aged 87, in 1960 
after 3 years in. situ, because of pain.
When examined seven years later the plate had a dark green 
deposit in and adjacent to one of the screw holes. This was not 
removed by overnight soaking in a warm solution of Biotex. Fig. 33 
(page 145) shows the plate after soaking in Biotex and washing with 
distilled water.
The bulk of the deposit was removed with a nickel spatula for 
analysis, coming away easily as a flaky powder. Care was taken not 
to damage the underlying metal. The plate was then cut into sections, 
as shown in Fig. 34 (page 146), for closer examination using a Scanning 
Electron Microscope.
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Fig. 33 Implant A, McLaughlin plate.
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FIG. 34 IMPLANT A /  McLAUGHLIN PLATE. 
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10.2.2 Scanning Electron Microscope Results
Figs. 35, 36, 37, 38, 39 and 40 (pages 148, 149, 150, 151, 152 
and 153 respectively) are stereoscan photographs of the deposit on 
section 4, after the implant had been soaked in Biotex, washed, 
allowed to dry and sectioned. They show the cracked or crazed, "mud 
flat", appearance of the deposit, both in the countersink and hole 
and on the top surface of the plate around the screw hole. The 
deposit appears to be attached to the metal surface rather than being 
a part of it, and Fig. 38 (page 151) shows an area of deposit 
apparently lifting off the surface. A large proportion of the 
deposit charged up in the electron beam of the stereoscan, and this 
is shown by the white areas on the photographs.
Figs. 41 and 42 (pages 154 and 155 respectively) are stereoscan 
photographs of the same screw hole, after the deposit had been 
removed by a stiff brushing in dilute soap solution. The fact that 
it was difficult to remove all traces of the deposit showed that the 
deposit was quite firmly adhered to the metal surface.
Circumferential marks are visible in the shallow pit shown in Fig. 41 
(page 154), and Fig. 41 (c) shows a small amount of cracked deposit 
at the edge of this pit. Fig. 42 (page 155) shows an area of surface 
damage at the base of the countersink. No circumferential marks were 
visible in these pits.
Discussion:*^
The cracked nature of the deposit could have been due to a 
reduction in bulk as a result of drying, either in the vacuum of the 
stereoscan or before.
The charging-up of the deposit is indicative of either a non- 
metallic material, possibly a metal oxide or an organic material, or 
a poor electrical contact between deposit and underlying metal.
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(a) x 13
(b) x 33
(c) x 110
Fig. 35 Implant A. McLaughlin plate, section 4.
Showing deposit in the countersink.
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(a) x 10
(b) x 25
(c) x  50
Fig. 36 Implant A. McLaughlin plate, section 4.
Showing deposit in the hole.
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(a) x 25
(b) x 50
(c) x 100
Fig. 3 7 Implant A. McLaughlin plate, section 4.
Showing deposit in the hole.
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(a) x 29
(b) x 115
(c) x 290
Fig. 38  Implant A. McLaughlin plate, section 4.
Showing the top of the countersink.
(a) x 33
(b) x 68
(c) x 138
Fig. 39 Implant A, McLaughlin plate, section 4.
Showing the top of the countersink.
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(b) x 275
Fig. AO Implant A, McLaughlin plate, section 4.
Showing the top of the countersink.
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(a) x 27. 5
(b) x 275
(c) x 1100
Fig. 41 Implant A. McLaughlin plate, section 4.
Showing countersink after cleaning.
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(a) x 107
(b) x 270
(c) x 550
Fig. 4 2 Implant A, McLaughlin plate, section 4.
Showing the bottom of the countersink after cleaning.
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The surface damage in the countersink (visible after removing 
the deposit) could have resulted from machining after casting. This 
could explain the circumferential markings in the pit shown in 
Fig, 41 (page 154). Another possibility is that the relatively small 
amount of surface damage was the result of fretting between the screw 
and countersink, and that the deposit consisted of wear debris from 
this fretting action,
A third possible explanation is that the surface damage and 
deposit resulted from localised corrosion attack within the counter­
sink. The corrosion products could have been forced out of the space 
between the screw and countersink and deposited on the top surface of 
the plate. This hypothesis is supported by the observed fact that 
the deposit on the top surface was removed more easily than that in 
the countersink. It would also explain why no damage to the top 
surface could be located after the deposit was removed.
10.2.3 X-ray Diffraction Analysis of the Deposit
X-ray diffraction was chosen as a method of analysing the 
deposit for three reasons; (a) the technique requires only a small 
amount of material, (b) it is non-destructive, and (c) it is capable 
of detecting compounds as opposed to individual elements,
A small amount of the deposit material was carefully loaded into 
a capilliary tube and gently tapped down to achieve maximum density. 
The capilliary tube was then placed in a Phillips camera fitted with 
a vanadium filter, and the material was exposed to radiation from a 
chromium target.
No diffraction lines were obtained for the following exposure 
times:- 30 minutes, 1 hour, 2.5 hours, 3.5 hours, and 9 hours. The 
film became progressively darker as the exposure time increased as a
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result of the scattering of the incident chromium radiation, but no 
lines were visible.
It was concluded that either; the deposit contained no 
crystalline material, or there was insufficient in the radiation beam 
for lines to stand out above the scattered radiation falling on the 
film.
After the failure of X-ray diffraction it was decided to try and 
analyse the deposit using an Electron Probe Microanalyser.
10,2.4 Electron Probe Analysis of the Deposit
10.2.4.1 Initial Probe Work
A glass slide was degreased with acetone, washed in a dilute 
soap solution, and rinsed in distilled water. While the slide was 
still wet a small amount of the deposit material was placed on it and 
the slide was allowed to dry, A thin carbon coat was then deposited 
on the glass slide in a vacuum coating unit.
The slide was mounted in the Electron Probe Microanalyser and 
the instrument was adjusted to give a specimen current of 50 milli- 
microamps with a gun potential of 25 kV. Fig. 43 (page 158) shows an 
electron image picture of the deposit particles on the glass slide, 
together with the results of line scans for cobalt, chromium and 
molybdenum. These qualitative graphs of metal concentration along a 
line through the particles show quite clearly the presence of all 
three elements in the deposit.
In an effort to quantify the concentrations of cobalt and 
chromium, the amount of cobalt and chromium radiation emitted by the 
particles was compared to that from pure cobalt and chromium 
standards. The electron beam was focussed on certain spots on the 
particles and standards in turn, and the radiation was counted over
Electron image of
deposit particles
Cobalt, Chromium, 
and Molybdenum 
concentration resp ectively , 
along a line through the 
p artic les.
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10 seconds, several times, to obtain a figure for mean radiation per 
second, A first approximation of the cobalt concentration, for 
example, was obtained by dividing the amount of cobalt radiation from 
the specimen by that from the standard. Six deposit particles were 
analysed in this way, and in three cases the radiation was counted 
from two different spots on the same particle.
Table 5 (page 160) gives the results of this analysis.
The results show large variations in the amounts of cobalt 
(3,38 - 18,35 per cent), chromium (21,2 - 47.2 per cent), and the 
ratio of chromium to cobalt (1.85 to 7.92). It had been hoped that 
the ratio of chromium to cobalt would be consistent, and hence 
indicate a particular compound. The inconsistency in all three sets 
of figures could have been the result of errors introduced by the 
three dimensional nature of the deposit particles. For this reason 
it was decided to try to produce a specimen of the deposit material 
with a flat polished surface, suitable for more accurate probe 
analysis,
10,2.4.2 Second Probe Analysis
The specimen of deposit material for this work was produced in 
the following way. A deposit particle was placed on a clean glass 
slide and covered with a small amount of Araldite. This was left to 
set before being carefully scraped from the slide. A blank 
metallurgical mount was made and a small recess was drilled into the 
top surface. The Araldite containing the deposit particle was then 
set into this recess with more Araldite. Excess mount material was 
removed on an emery paper wheel. The specimen was then carefully 
polished on a diamond compound wheel until a flat surface of the 
deposit particle was visible under a metallurgical microscope. The
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Specimen AnalysisStandard counts Specimen counts
Particle Chromium
per
cent
Cobalt
per
cent
Cobalt
c.p.s.
Ihromium
c.p.s.
Chromium
c.p.s.
Cr
Co
3.887932 767 1140 37.53038
3.62488 674 6.14 22.2
47.2954 1432 12.05 3.92
4(a) 1455 1029 1.8518.35 33.9
4(b) 892 746 11.25 24.6
5(a) 268 643 263.38 21.2
5(b) 381 7.921157 4,80 38.1
6(a) 862 28,4720 9.08
6(b) 31.9 3.44735 969 9,27
Specimen current = 50 millimicroamps
Gun potential = 25 kV.
Table 5. Results of Initial Probe Analysis
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specimen was finally vacuum coated with a layer of carbon.
The Electron Probe was adjusted to give a specimen current of 
50 millimicroamps, with a gun potential of 25 kV. Fig. 44 (page 162) 
shows an electron image picture of the particle, together with X-ray 
image pictures of the cobalt and chromium distribution.
The cobalt and chromium radiation emitted from different points 
on the specimen was counted over a period of 10 seconds, several 
times at each spot, and a figure for mean counts per second obtained. 
The radiation from the cobalt and chromium standards was counted 
before and after the specimen tests, and the slight variation in 
these counts was evenly distributed between the specimen readings.
At the time of this work the Probe had been fitted with a second 
spectrometer. One of these was set to collect cobalt radiation and 
the other to collect chromium radiation, so that at each spot the two 
radiations were counted simultaneously.
Table 6 (page 163) gives the results of this second analysis.
The results show the following ranges:-
cobalt concentration : 2.00 - 6.24 per cent
chromium concentration : 14.2-25.8 per cent
Cr/Co ratio : 2.44-12.00
Discussion:-
It must be emphasized that the figures for cobalt and chromium 
concentration are first approximations. Corrections for such factors 
as the shape and thickness of the specimen, and the amount of 
radiation absorbed by it, were impossible. However, one effect can 
be noted; since both cobalt and molybdenum have lower characteristic 
radiation wavelengths than chromium (1.3 X and 0.7 8 respectively, 
compared to 2.3 £ for chromium), radiation from these two elements 
will excite chromium. This will increase the chromium counts, and
Electron Image
of the deposit partic le .
Chromium distribution  
in the particle.
Cobalt distribution in 
the particle .
Spot
Standard counts Specimen counts Specimen Analysis
Cobalt
c.p.s.
Chromium
c.p.s.
Cobalt
c.p.s.
Chromium
c.p.s.
Cobalt
per
cent
Chromium
per
cent
Cr
Co
1 2950 2628 59 632 2.00 24.0 12.00
2 2912 2638 60 561 2.05 21.3 10.34
3 2874 2648 102 388 3.55 14.6 4.11
4 2835 2658 126 407 4.45 15.3 3.34
5 2796 2669 159 378 5.69 14.2 2,50
6 2757 2679 172 407 6.24 15.2 2.44
7 2719 2689 166 541 6,11 20.1 3.29
8 2679 2700 137 465 5.12 17.2 3.36
9 2640 2710 125 565 4.73 20.8 4.40
10 2600 2720 148 636 5.69 23.4 4.12
11 2562 2730 100 697 3,90 25.6 6,56
12 2523 2740 71 707 2.81 25.8 9.18
Specimen current = 50 millimicroamps
Gun potential = 25 KV.
Table 6*. Results of Second Probe Analysis
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hence produce an apparent increase in chromium content. It is esti­
mated that this effect could increase the chromium counts by no more 
than 10 per cent. Assuming a 10 per cent increase in chromium 
radiation, the corrected chromium analysis shows a range of 13,0 to
23.5 per cent.
Clearly the deposit material contained a higher percentage of 
chromium than cobalt. This fact is interesting since the relative 
proportions are in direct contrast to those in cast Vitallium 
(approximately 65% cobalt and 30% chromium), The large variation in 
the chromium to cobalt ratio indicates that these elements were not 
present in the form of a single, fixed ratio, compound. In this 
respect the analysis agreed with the initial Probe work. However, 
this later, more accurate work, resulted in lower figures for cobalt 
and chromium content (6.24 and 25.8 per cent maximum respectively, 
compared to 18.35 and 47.2 per cent maximum). For this reason it was 
decided to investigate what other elements were present in the 
deposit material.
10.2.4.3 Third Probe Analysis
This third Electron Probe analysis of the deposit material was 
aimed at tracing the presence of elements other than cobalt, chromium, 
and molybdenum.
The electron beam was focussed on to the centre of the flat 
surfaced deposit particle, and the radiation collecting crystals were 
each, in turn, set to sweep at a rate of 2 degrees per minute. The 
radiation emitted from the specimen was continuously counted, and 
presented on a chart recorder set at a speed of 0.5 inches per minute 
and a full scale deflection of 300 counts per second. Thus the 
characteristic angle of any large amount of emitted radiation (a peak
on the chart) could be found, knowing that 1 inch on the chart was 
equivalent to 4 degrees of crystal rotation. From a consideration of 
X-ray data the elements with these characteristic radiation angles 
could then be traced.
All the peaks which were not attributable to cobalt, chromium 
or molybdenum were consistent with the presence of phosphorus and 
calcium. This is shown in Tables 7 and 8 (pages 166 and 167 
respectively), which compare the measured angles of the radiation 
peaks with the published angles for phosphorus and calcium.
Discussion
It had been thought that cobalt, chromium and molybdenum could 
have been present in the form of a protein complex. Although 
elements of low atomic number (including carbon, oxygen and nitrogen) 
could not be traced on the available Electron Probe, the fact that 
sulphur was not traced suggested that the deposit did not contain 
protein.
10.2.5 Discussion
The examination of Implant A led to the conclusion that the 
deposit found in and around one of the screw holes contained 
significant concentrations of chromium, cobalt and molybdenum.
The work provided no conclusive explanation for the presence of 
these three metals in the deposit, although it suggested three 
hypotheses. The metal in the deposit could have resulted from;
(a) fretting between the screw head and the countersink,
(b) the low solubility of a passive metal oxide film, or
Published angles of 
characteristic 
radiation
Angle of peak 
on chart 
recording
Peak
radiation
c.p.s.
(a) Quartz crystal
First order
Kc<1 60° 18* 60° 12* 153
Xc<2 60° 22*
Xfi! 55° 2* 54° 55* 48
(b) Mica crystal
Second order
Ko<,1 39° 24* 39° 18* 126
Kc<2 39° 26*
K /31 36° 8*
Third order
Ko^ 60° 45* 60° 30* 151
KC< 60° 49*
a
55° 27*
Fourth order:-
ICCK1 84° 47*
K<K2 84° 53*
K/3l 76° 40' 76° 11* 33
Fifth order
Kc<1 114° 51* 114° 37* 30
IC^2 115° 4*
IC/31 101° 4'
Table 7, Electron Probe Evidence for Calcium
Published angles of 
characteristic 
radiation
Angle of peak 
on chart 
recording
Peak
radiation
c.p.s.
Mica crystal
First order
Kc<1 35° 59* 35° 54* >  300
ICo<2 36° 0*
Kfi 33° 52* 33° 52* 56
Second order
Ko^ 76° 18* 76° 11* 33
KoC . 76° 20*Ct
K/fi, 71° 16*pi
Table 8. Electron Probe Evidence for Phosphorus
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(c) localised corrosion within the crevice formed by the screw head
and countersink.
Fretting, being essentially a mechanical process, would be
expected to produce debris with a similar composition to the parent
20metal. Ahiers’ work on the wear properties of the cast alloy 
showed that the debris produced by dry wear of Vinertia on Vinertia 
consisted of cobalt oxide (CoO) and metal particles, together with 
small amounts of the double oxide CoOCr 0 . The Electron Probe 
analysis, which showed a high chromium to cobalt ratio, therefore 
casts doubts on the fretting theory.
Traces of metal would be expected in the tissue surrounding 
implants even if the implant remained in the passive state. However, 
there seems no reason why the solubility products should be 
concentrated in certain areas around the implant.
Hence the corrosion hypothesis seemed to provide the most satis­
factory explanation for the presence of the metals in the deposit.
It was decided to examine all other removed Vitallium implants 
for similar deposits, and to conduct further laboratory corrosion 
tests to investigate the possibility of crevice corrosion of cast 
Vitallium. These tests are described in the following chapter.
10.3 Implant B
Implant B was a Vitallium bone plate with screws,
10.3.1 History
This implant arrived in the department by chance. As part of 
his work on the mechanical properties of bone, Mr. A.G. Cartwright 
obtained specimens of human bone cut from femurs during post-mortems. 
One of these sections contained a bone plate.— The deceased was a----
169.
woman of 72, but since her medical record stated *no previous 
operations1, the date of implantation was unknown. However, the 
implant had obviously performed satisfactorily,
10,3.2 Initial Observations
Fig, 45 (page 170) shows the implant after the loose tissue 
covering it had been cut away to one side. Bone growth had completely 
covered one end of the plate and the end screw head. Several areas 
with a dark grey colouration can be seen in the tissue at the side of 
the plate. This tissue originally covered the implant, and in this 
position the dark stained areas were directly over the corresponding 
screw heads.
After photographing, the screws and plate were removed from the 
bone. The screws were numbered from one to eight, starting with the 
screw completely covered with bone at one end of the plate. One of 
the screws (No. 8) was extremely easy to remove and was found to have 
fractured approximately 0,5 inches below the countersink. It was 
extremely difficult to remove the other seven screws. Screw number 2 
had no countersink. There was a considerable amount of bone growth 
in screw holes 1, 2, 3, 4 and 7, all of which appeared free from 
discolouration. This bone was easily chipped away with a scalpel.
A sample of discoloured tissue was placed on a clean glass slide and 
stored in a dessicator for later analysis.
After the plate and screws had been removed they were left to 
soak overnight in a warm solution of Biotex, The next day the 
components were examined under a X 20 stereo light microscope. Only 
screw No, 1 showed signs of a surface deposit. A small dark area was 
visible on the countersink of this screw, and it was decided to 
________ investigate this further in the Scanning Electron Microscope.
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Fig. 45 Implant B, Vitallium Bone Plate
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10.3.3 Scanning Electron Microscope Results
Figs. 46 and 47 (pages 172 and 173 respectively) show stereoscan 
photographs of the discoloured area on screw No, 1, taken from two 
different angles. They both show a cracked surface deposit. Fig, 46 
in particular, shows the deposit charging up in the electron beam and 
apparently flaking off from the surface of the screw. Both figures 
show a region, at the top of the countersink, with radial surface 
striations, and Fig. 47 (a) shows the angle of the countersink to 
change over this area.
After the deposit had been removed by a stiff brushing in dilute 
soap solution no surface damage, apart from the striations, could be 
traced.
There proved to be insufficient deposit on the screw head to 
collect and analyse. However, it was possible to study the stained 
tissue from around the implant in the Electron Probe Microanalyser.
10.3.4 Electron Probe Analysis of Tissue
After a sample of the stained tissue, on a glass slide, had been 
allowed to dry in a dessicator, it was vacuum coated with carbon for 
Electron Probe analysis.
Fig. 48 (page 174) shows an electron image picture of the tissue, 
together with the results of line scans for cobalt and chromium.
These line scans show quite clearly the presence of cobalt and 
chromium in the tissue. The cobalt and chromium radiation from the 
point corresponding to the peaks on the line scans was counted, and 
compared to that from pure cobalt and chromium standards. Table 9 
(page 175) gives the results of this analysis.
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(a) x 12
(b) x 60
(c) x 300
Fig. A 6 Im plant B. Bone plate screw No. 1.
173
(a) x 60
(b) x 120
(c) x 300
Fig. 4 7 Implant B. Bone plate screw No. 1.
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Electron image of tissu e
Cobalt concentration
Chromium concentration
Fig. 48 Electron Probe A nalysis
Element Standardsc.p.s.
Specimen
c„p,s.
Specimen 
per cent
Chromium 2372 400 16.9
Cobalt
i
19238 1338 6.95
Specimen current = 50 millimicroamps
Gun potential = 25 kV.
Table 9. Analysis of Tissue around Implant B
10.3.
10.4
S
10.4.
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5 Discussion
The stereoscan pictures of the deposit on screw No. 1 show a 
marked similarity to those of the deposit found in Implant A. The 
Electron Probe analysis of the tissue around Implant B indicates 
similar cobalt and chromium concentrations to those found in the 
Implant A deposit. The bone growth around screw No. 1 and the dark 
colouration of the deposit on it, also suggest that the deposits on 
the two implants were of the same nature.
The radial striations on the countersink of screw No. 1 were at 
first thought to explain the presence of metal in the deposit in 
terms of fretting. Mechanical damage to a screw head on insertion 
would be expected to result in circumferential marking and hence, the 
radial striations were considered to have resulted from fretting. 
However, in a private communication, Dr. F. Bultitude, of the Atomic 
Weapons Research Establishment at Aldermaston, considered the 
striations to be similar to those found by him, on corroded stainless 
steel implants.
Hence, although the examination of this implant suggested that 
the deposit found on Implant A was not an isolated occurrence, it did 
not provide evidence to distinguish between the fretting and 
corrosion hypotheses for the presence of metal.
Implant C
Implant C was a Vitallium, McLaughlin pin and plate with screws.
1 History
No medical history was available for this implant. As Fig. 49 
(page 177) shows, the plate had fractured across the top, in the area
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Fig. 49  Implant C. McLaughlin pin and plate.
10.4,
10.4.
178.
where maximum stress would be expected.
After overnight soaking in a warm solution of Biotex the implant 
was examined under a X 20 stereo light microscope.. The fracture 
surface showed the typical markings of a fatigue failure, and the 
crack had apparently been initiated at a sharp corner on the web of 
the plate. A secondary crack was visible below the fracture surface 
and Fig, 50 (page 179) shows an etched metallurgical section 
containing this crack.
No traces of a surface deposit could be found on any of the 
components of this implant.
Scanning Electron Microscope Results
A section containing part of the fracture surface was cut from 
the top part of the fractured plate, for closer examination in the 
Scanning Electron Microscope. Figs. 51, 52, 53 and 54 (pages 180,
181, 182 and 183, respectively) show some of the results of this 
examination.
Figs. 51, 52 and 53 show a cracked surface deposit on the 
fracture surface and Fig. 54 shows several secondary fatigue cracks. 
There was insufficient deposit material to collect and analyse.
Discussion
The etched metallurgical section from the region of the fracture 
revealed no excess porosity. It was concluded that failure occurred 
via a fatigue mechanism, the fatigue resistance of the implant having 
been lowered by poor design (a sharp corner).
The stereoscan pictures of the fracture surface show the same 
type of cracked deposit as that found on Implants A and B, The 
deposit was apparently restricted to less exposed areas of the
1 79
x 50
Fig. 50 Implant C. McLaughlin plate showing secondary  
fatigue crack.
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(a) x 13
(b) x 66
(c) x  330
Fig. 51 Implant C. McLaughlin plate
showing fracture surface.
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(a) x 132
(b) x 320
(c) x 640
Fig. 52 Implant C. McLaughlin plate
showing fracture surface.
1 8 2
(a) x 32
(b) x 126
(c) x 320
Fig. 53 Implant C. McLaughlin plate
showing fracture surface.
1 8 3
(a) x 32
(b) x 130
(c) x 640
Fig. 54  In.plant C. Mclaughlin plate
showing fracture surface.
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fracture surface. Since mechanical damage (after fracture) would be 
expected to occur at high spots on the fracture surface, corrosion 
was considered to be the more likely explanation for the presence of 
the deposit.
If the deposit was indicative of some form of corrosion attack 
then either corrosion was partly responsible for the fracture (a 
corrosion-fatigue mechanism), or corrosion of the fracture surface 
occurred after failure, and before the implant was removed from the 
patient. A corrosion-fatigue mechanism involves corrosion of the 
bare metal surface at the bottom of a fatigue crack. Since crevice 
corrosion occurs when passivation or repassivation of bare metal is 
prevented, by an electrolytic drop between a bare metal anode and a 
passivated metal cathode, both forms of corrosion mentioned above 
represent crevice corrosion. However, the fact that the deposit 
occurred in crevices within the fracture surface suggested that 
corrosion had taken place after failure.
Hence the examination of this implant provided evidence to 
support the corrosion hypothesis for the presence of the deposits.
10.5 Implant D
Implant D was a Vitallium McLaughlin pin and plate with screws, 
and is shown in Fig. 55 (page 185).
10.5.1 History
The implant was used to fix a subtrochanteric fracture of the 
left femur in a woman of 75, in July 1966. By September 1966 she was 
weight-bearing but continued to complain of pain in her hip. In 
March 1967 it was noticed that two screws were broken, and the nail 
plate was removed in June 1968.
1 8 5
Fig. 55 Implant D. McLaughlin pin and plate.
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10,5,2 Examination
After overnight soaking in a warm solution of Biotex the implant 
was examined under a X 20 stereo light microscope. No traces of a 
deposit could be found on any of the components of the implant.
The back of the plate (bone side) had a rippled surface in the 
region of the bend, which indicated plastic yielding. The back 
surface also contained several polished areas which suggested that 
rubbing between the plate and the femur had occurred. Two of the 
screws were fractured and one other was severely bent*
The analysis of this implant was taken no further, since 
mechanical failures were considered to be beyond the scope of the 
present work. It was included in the report as an example of three 
cast Vitallium implants (all McLaughlin pin and plates) which were 
examined and found to exhibit no trace of surface deposit after 
soaking in Biotex.
10.6 Discussion of Results from Removed Implants
Out of a total of six cast Vitallium implants which were 
examined, three (Implants A, B and C) showed surface deposits. 
Scanning electron microscope pictures, together with the fact that 
the deposit on Implant A and the discoloured tissue around Implant B 
contained similar concentrations of cobalt and chromium, indicated 
that the deposits were of the same nature.
Crevice corrosion, fretting and solubility of a passivating 
layer could all explain the presence of metal in the deposits and in 
the tissue surrounding the implants. However, fretting would not be 
expected to produce a disproportionately high chromium concentration, 
and is not consistent with the deposit being found in the crevices of 
a fatigue fracture surface. The low solubility of a passivating film
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would not be expected to produce the relatively high concentrations 
of cobalt and chromium found in specific areas. In this way, the 
results of the examination of the three implants (A, B and C), when 
considered together, indicated that each implant had suffered crevice 
corrosion.
If cast Vitallium is susceptible to corrosion in the human body, 
it should be possible to produce a similar attack in the laboratory. 
Working on this assumption, it was decided to carry out laboratory 
tests designed to induce corrosion of the cast alloy. These tests 
are described in the following chapter.
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CHAPTER 11
LABORATORY PRODUCED CORROSION OF CAST VITALLIUM
11.1 Introduction
The examination of removed implants described in the previous 
chapter suggested the possibility of corrosion of cast Vitallium in 
the human body. If this material corrodes, the process could be due 
to either the breakdown of passivity at relatively high potentials, 
or active corrosion at relatively low potentials. The laboratory 
tests described in this chapter were designed to produce corrosion of 
cast Vitallium, by maintaining specimens at various fixed potentials, 
in the hope that a comparison of the corroded specimens and the 
removed implants might lead to a better understanding of the nature 
of the deposit found on the implants.
11.2 Corrosion at High Potentials
Previous laboratory corrosion tests (chapter 4) had shown that 
corrosion due to film breakdown is theoretically possible, since the 
breakdown potential of cast Vitallium is below the oxygen equilibrium 
potential.
Passive breakdown in the body would occur in a region of high 
oxygen concentration and for this reason, in order to study the 
effect of film breakdown, a specimen of cast Vitallium was held at a 
relatively high potential in oxygenated Hanks* solution.
The solution was made up and heated to 37°C with a mixture of
95% oxygen and 5% carbon dioxide bubbling through it. The pH was
adjusted by the addition of sodium bicarbonate solution. After being
prepared in the normal way the specimen was loaded into the cell and
held at +1.40 volts (eTr ) for 2 hours.
H2
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During that time the following current readings were taken.
Time Current
(hours) raA
0 56
0.5 46
1.0 41
1.5 38
2.0 37
the Hanks* solution remained in
during the experiment.
On removal from the cell the specimen was washed in distilled
water, and this completely removed a dark brown surface layer which
)
had formed during the test.
Fig. 56 (page 190) shows scanning electron microscope pictures 
of the specimen after drying in air and storing in a calcium chloride 
dessicator.
Discussion
The specimen surface was covered with small pits which were 
quite unlike any effect seen of the removed implants. It was there­
fore decided to proceed with experiments at low potentials in order 
to study the possibility of crevice corrosion.
11*3 Corrosion at Low Potentials
Crevice corrosion seemed a more likely explanation for the 
deposit found on the removed implants than film breakdown, since the 
deposit was concentrated around screw holes rather than on exposed 
surfaces•
Crevice corrosion occurs in regions of low oxygen concentration 
and therefore these tests were carried out in Hanks* solution 
deoxygenated with oxygen free nitrogen.
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(a) x 40
(b) x 156
Fig. 56
(c) x 390
Cast V ita llium  after two hours at + 1 .4  volts.
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11.3.1 24 hours at -0.666 volts
The solution and specimen were prepared in the normal way.
During the test the cathodic current fell gradually from 0.024 
to 0.010 mA while the pH increased from 7.8 to 8.5.
After the test the specimen was washed in distilled water, 
allowed to dry in air, and stored in the calcium chloride dessicator. 
Fig. 57 (page 192) shows scanning electron microscope pictures of 
part of the specimen surface after the test.
Discussion
Large areas of the surface had a cracked appearance, with the 
edges of each crack apparently charging-up in the electron beam of 
the stereoscan. Certain regions within this cracked area appeared 
lighter in colour and uncracked. In this way the surface showed a 
certain resemblance to the cracked deposit found on the removed 
implants and it was decided to repeat the experiment, but to hold the 
specimen at -0.666 volts for a longer period.
11.3.2 100 hours at -0.666 volts
During this test the cathodic current decreased gradually from
0.150 to 0.105 mA while the pH fell from 6.84 to 6.43.
Fig. 58 (page 193) and Fig, 59 (page 194) show two areas of the 
specimen surface, after washing with distilled water and drying. 
Discussion
Cracking was restricted to a few small areas of the specimen 
surface, although in these areas it appeared more severe than the 
more widespread cracking produced in the previous experiment. The 
surface showed three distinct effects:-
(1) the majority of the surface had a relatively dark, uncracked
appearance,
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(a) x  42
(b) x 168
(c) x 840
Fig. 5 7 Cast Vitallium  after 24 hours at 0. 666 volts.
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Cast V ita lliu m  a fte r 100 hours at -0 . 666 volts
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Fig. 5 9 Cast V ita llium  after 100 hours at -0 . 666 volts.
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(2) certain regions had a cracked or crazed appearance and as in the 
previous experiment the crack edges charged-up in the stereosean,
(3) within these cracked areas were regions which appeared lighter 
in colour and were uncracked*
Fig. 58 (page 193) shows one of these ‘clean* areas surrounded by 
loose material, such that the lighter areas appear to have been 
produced by a flaking off of a cracked surface layer.
It was thought possible that the surface layer itself could have 
been produced by electrodeposition of one of the metals in the Hanks’ 
solution. However, reference to potential-pH diagrams showed that 
the equilibrium potentials of sodium (approximately -2.7 v), 
potassium (approximately -2.9 v), calcium (approximately -3.0 v), and 
magnesium (approximately -2.5 v) are all well below -0.666 volts and 
hence electrodeposition at this potential was not possible. It was 
concluded that the surface damage produced at -0.666 volts was the 
result of an electrochemical surface attack on the cast Vitallium.
A consideration of potential-pH diagrams for cobalt, molybdenum, 
and chromium showed that -0.666 volts is below the equilibrium 
potential of cobalt and molybdenum (approximately -0.45 v and -0.3 v 
respectively) but above that of chromium (-1.1 v). Cobalt and 
molybdenum, but not chromium, would therefore be immune under the 
conditions of this test. The potential-pH diagram for chromium, 
which is reproduced in Fig. 60 (page 196), shows that not only is 
corrosion possible at -0,666 volts but that passivation does not 
occur at any potential at pH 7. It is therefore possible that the 
surface attack visible on the specimens held at -0.666 volts was the 
result of preferential corrosion of chromium.
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2-0
corrosion
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FIG.6 0  Theoretical conditions of corrosion., immunity 
and passivation of chromium, at 2 5 °C, in 
solutions containg chloride.
Figure established considering Cr(0 H)3. nH20 .
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11.4 Final Discussion and Conclusions from the Work on Cast Vitallium
When a specimen of cast Vitallium was held at a potential above 
the materials passive breakdown potential pitting occurred. Since no 
pitting had been observed on any of the removed implants it was 
concluded that they had not been subject to film breakdown.
Maintaining a cast Vitallium specimen at -0,666 volts for 
100 hours in deoxygenated Hanks* solution produced cracking and 
apparent flaking off of a surface layer. This showed a marked 
similarity to the effect seen on three of the removed implants 
(Implants A, B and C). Cobalt and molybdenum are immune at -0.666 
volts, and this suggests that the surface damage on the Vitallium 
specimen was the result of preferential dissolution of chromium. The 
fact that both the deposit found on Implant A and the discoloured 
tissue around Implant B contained a disproportionately high 
concentration of chromium is consistent with this hypothesis, and 
supports the conclusion that the Vitallium specimen and the implants 
had been subjected to the same form of electrochemical attack.
The deposit on Implant A was concentrated in and adjacent to one 
of the screw holes. Implant B had traces of a similar deposit on the 
head of one of the screws, as well as areas of discoloured tissue 
over several of the screws. Implant C showed a similar deposit in 
crevices formed by a fatigue fracture. The sites of the deposit on 
all three implants were, therefore, consistent with crevice corrosion. 
The laboratory corrosion test on cast Vitallium, which simulated the 
conditions of low potential and low oxygen concentration expected 
within a crevice, produced a similar effect and hence supported the 
crevice corrosion theory.
Fretting could well have initiated corrosion within the crevices 
formed between the plates and screw heads, by mechanically destroying
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the passivating film. However, fretting was rejected as a complete 
explanation for the presence of metals in the deposits because of the 
relatively high chromium concentration and the presence of deposit on 
the fatigue fractured surface, both of which are inconsistent with 
fretting.
A Vitallium implant could never maintain a potential as low as 
-0,666 volts, even in a crevice, since the water reduction cathodic 
reaction would polarise the metal to a more positive potential. 
However, the potential within a crevice could be as low as the 
equilibrium potential of the water reduction reaction. This is 
-0.41 volts at pH 7 and falls as the pH increases. It is interesting 
to note that preferential dissolution of chromium could occur below 
-0.45 volts (the equilibrium potential of cobalt), and that the 
potential-current density curves for cast Vitallium in pH 7.3 Hanks* 
solution (Fig. 12, pagg 66) shows a peak anodic current between 
-0.45 and -0,40 volts. Potential-time experiments had previously led 
to the conclusion that this *active* anodic region was an artifact 
produced by the sweep rate, since the current decreased with time. 
However, the later evidence indicating the occurrence of crevice 
corrosion suggests that this transient increase in dissolution 
current has a greater significance.
It is felt that future work on the corrosion resistance of the 
cast alloy should investigate further the materials electrochemical 
behaviour at potentials in the range -0.4 to -0.5 volts. This might 
be carried out by means of potential-current density measurements, 
concentrating on this potential range, and current-time measurements 
in deoxygenated physiological fluids, at fixed potentials within this 
range. It is obviously important to measure the lowest possible 
potential that could be maintained within a crevice, and this might
be done with some form of scratch test in deoxygenated physiological 
fluid* In any experiment of this sort it will be important to remove 
the passivating film from the whole of the exposed metal surface> so 
that any measured potential is not a mixed potential of passive and 
non-passive surfaces. Variations in pH within a crevice could affect 
the potential and therefore the corrosion rate, and this possibility 
should also be studied in any further work.
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CHAPTER 12 
CONCLUDING REMARKS
At the beginning of this work it was shown that a small 
percentage of cast Vitallium/Vinertia implants fail mechanically in 
vivo. The alloy sintered by Wilkinson was known to have improved 
mechanical properties when compared with the cast alloy, but little 
was known about its corrosion resistant properties. The main object 
of the experimental work was, therefore, to measure the corrosion 
resistance of the sintered alloy in an effort to assess its value as 
an implant material.
The laboratory corrosion tests of the sintered alloy have led to 
the conclusion that, at the present stage of development, this 
material has insufficient corrosion resistance for use in the human 
body. The possibility of increasing the material's corrosion 
resistance, by making changes to the powder metallurgy technique, has 
been discussed, but there is every indication that this could be 
achieved only at the expense of the material's mechanical properties.
The laboratory corrosion tests which were carried out during 
this work can be criticised for not simulating the conditions met by 
implants in vivo. That is, the tests were conducted on isolated, 
unstressed specimens, whereas in service implants are subjected to 
various combinations of direct stress, fluctuating stress, wear, and 
fretting, all in a corrosive environment. This is a strong criticism 
since the application of stress, for example, can significantly 
reduce a material's corrosion resistance. However, unfavourable
results from this simplified type of test can justify the rejection
\
of a particular material, and in this way the conclusions drawn from 
the tests on the sintered alloy are valid.
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The work carried out on the cast alloy, illustrates the 
difficulty of predicting a material's in vivo performance from the 
results of the simplified type of laboratory corrosion test,. The 
potential-current density curves obtained for isolated, unstressed 
specimens of cast Vitallium suggested that the material may be 
susceptible to film breakdown and pitting, but gave little or no 
indication of the possibility of crevice corrosion. The examination 
of removed Vitallium implants, on the other hand, suggested that, in 
the human body the cast alloy does not suffer film breakdown but may 
be susceptible to some form of crevice attack. Bearing in mind that 
the large amount of deposit found on Implant A was located in and 
around one of the screw holes, it seems likely that a combination of 
fretting and crevice corrosion was responsible for the presence of 
metal in the deposit. A continued fretting action between the screw 
head and plate (an ideal site for crevice corrosion) could well have 
prevented the formation of a permanent passivating layer.
It is clear that a satisfactory result from the simplified type 
of laboratory corrosion test cannot justify the use of a metal as an 
implant material. This type of test must be regarded as a screening 
test. Any prospective implant material, which has adequate mechanical 
properties and a promising performance in this type of corrosion test, 
must be further tested under various combinations of conditions; for 
example, fretting and corrosion, direct stress and corrosion, and 
fluctuating stress and corrosion.
In conclusion it should be noted that the criticism made at the 
beginning of this work, that cast Vitallium has less than adequate 
mechanical properties for use as an implant material, is still valid.
It seems unlikely that this criticism will be met, in the near future, 
by the use of a sintered cobalt-chromium-molybdenum alloy, but it is to 
be hoped that work on other materials may prove to be more fruitful.
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APPENDIX
METHOD OF ASSAYING PREALLOYED POWDER
A, Chromium
0,2 grams weighed into nickel crucible and fused with sodium 
peroxide and a small amount of sodium nitrate.
Melt leached out in 50 mis, of water. Crucible rinsed and 
solution made acid with dil. sulphuric acid.
Solution boiled to remove excess of hydrogen peroxide and IN 
potassium permanganate added in small portions until permanent pink 
or brown ppt. is formed.
A solution of \ gr. of manganese sulphate is added and boiled to 
destroy excess of permanganate. Chromium oxidised to dichromate ion.
Solution filtered on asbestos and cooled, 10 mis. of ortho- 
phosphoric acid added and a few drops of sodium diphenylamine 
sulphonate (indicator).
Excess ferrous ammonium sulphate added until dichromate reduced - 
shown by indicator violet to green. Excess back-titrated with 
potassium permanganate.
Result calculated from amount of 0.1N ferrous ammonium sulphate
used.
2+1 ml. of Fe = 0.0001733 gr. of chromium.
B, Iron
| gr. of sample fused with sodium peroxide - sodium nitrate in 
nickel crucible and leached out with water. Crucible rinsed without 
acid to prevent reduction of chromium.
Solution boiled with hydrogen peroxide and filtered. Residue - 
ferric, cobalt and nickel hydroxide - dissolved in hydrochloric acid,
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reprecipitated with caustic soda, boiled with hydrogen peroxide and 
filtered, chromium separated as dichromate. Residue dissolved in 
hydrochloric acid and ppt. with ammonia and filtered - ppt. of ferric 
hydroxide and nickel into solution. Iron reppt. to remove all the 
nickel and then dissolved in hydrochloric acid, reduced with stannous 
chloride and titrated with 0.1N potassium dichromate using sodium 
diphenylamine sulphate as indicator.
1 ml. of 0.1N X Cr 0 = 0.005584 gr. of Iron.
A  A  I
C. Molybdenum
\ gr. fused in nickel crucible with sodium peroxide - sodium 
nitrate. Kelt leached out in water and dissolved in hydrochloric 
acid - 5 ml* of sulphuric acid in 10 mis,, of solution.
Hydrogen sulphide passed into cold solution until saturated, the 
bulk then doubled with water and again saturated with hydrogen 
sulphide. Molybdenum pptd., as molybdenum sulphide.
Molybdenum filtered off, washed well to remove other metals
i.e. Iron, Manganese, nickel, chromium, cobalt, dissolved in hydro­
chloric acid and nitric acid, solution boiled low until sulphur has 
coagulated, filtered to remove the sulphur, solution made alkaline 
with ammonia and then just acid with acetic.
5 gr. of ammonium acetate added and bulk adjusted to 200 mis* 
Lead acetate solution added until all molybdenum ppt. Lead molybdate 
filtered off, washed well, ignited and weighed as lead molybdate.
1 gr. Lead Molybdate = 0.2613 gr. of Molybdenum.
D. Cobalt
\ gr, fused in Iron crucible with sodium peroxide - sodium 
nitrate. Melt leach in water and crucible rinsed, hydrogen peroxide
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added to solution and solution boiled to oxidise chromium to 
dichromate.
Residue, ferric cobalt, hydroxide, filtered off, redissolved in 
hydrochloric acid and ppt. with caustic soda and hydrogen peroxide. 
Solution refiltered - chromium separated as dichromate.
Residue dissolved in hydrochloric acid - ppt. with ammonia.
Iron pptd. and cobalt in solution as cobalt/ammonia complex. Iron 
pptd. until free from cobalt.
The ammoniacal cobalt solution concentrated to 400 mis., i gr* 
of sodium sulphite added and a large excess of ammonia.
Solution electrolysed using copper covered platinum electrode 
and weighed as metallic cobalt,
2 THE COMMERCIAL POWDERS 
Chromium and molybdenum powder were obtained from Murex Ltd., 
cobalt powder from Brandhurst and Co. Ltd. These high purity 
commercial powders had the following specifications.
A. Chromium:- size less than 100 mesh. Maximum impurities:-
A1 0.3%, Fe 0.5%, Si 0.1%, S 0.03%.
B. Molybdenum:- size range 1-5 microns. Major impurities
Fe 0,01%, C 0.01%, Og 0.01%, Trace of Ni.
C. Cobalt:- size less than 300 mesh. Major impurities:-*
Zn 0.05%, Ni 1%, Si02 0.05%.
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